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The research work presents an investigation on the pressureless sintering,
microstructure and mechanical properties of three component ceramic composite
material consisting of alumina, silica and zirconia for structural applications. The
effect of each component composition on the physical and mechanical properties was
studied. Mechanical properties including fracture toughness, flexural strength, and
hardness at ambient temperature were determined and thermal shock resistance
properties up to 950°C were also investigated. These properties were compared
among the monolithic A1203, Al203-Zr02 (AZ) and Al203-Si02-Zr02 (ASZ)
composites. The microstructure of sintered, thermal shocked and fractured surface
states was investigated using FESEM and AFM. A three phase microstructure was
adopted with a composition of 70% by weight of alumina, 10% by weight of silica
and 20% by weight of zirconia. The reinforcements of the Si02 and Zr02 contributed
in improving the mechanical properties of the composite. The sintered composite was
mainlyconsisted of a highly crystallized form of alumina, mullite and zirconiaphases.
The fracture toughness of the composites were measured using Indentation Fracture
(IF) method, and an average value of 0.86 MPa.m172, 1.75 MPa.m172, and 2.39
MPa.m for the A1203, AZ and ASZ composites respectively. A significant increase
in the toughness was realized by the inclusion of the Zr02 and Si02 oxides. The
inclusions of the reinforcement underwent phase transformation under stress as well
as by making an interlocking three phase composite. It was observed that the fracture
mode was mainly intercrystalline for the sintered A1203 and AZ composite but for the
ASZ, it was mainly transcrystalline. In addition to the formation of mullite due to the
reaction of silica and alumina, silica was shown to act as a transient liquid phase
sintering aid that reduced the sintering temperature of the Al203-Si02-Zr02 composite
to 1450~1500°C from 1650~1700°C. Dilatometric measurements show that Si02
additions increased the densification rate during the intermediate stage relative to the
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monolithic alumina samples. The ASZ composites possessed the highest thermal
shock resistance than the monolithic alumina and AZ, with a critical temperature
difference (ATC) being 430°C. Such superior thermal shock resistance was attributed
to the improvement of the fracture toughness by three components composite system
and the availability of mullite (silica) phase as reinforcement. The main conclusion
from the results in this work indicated that the identified optimum mix of A1203
matrix with Si02 and Zr02 reinforcement show an improved room temperature




Kerja penyelidikan membentangkan satu siasatan di tanpa tekanan beban pensinteran,
mikrostruktur dan sifat-sifat mekamkal tiga komponenbahan komposit seramik
mengandungi alumina, silica dan zirkonia untuk permohonan struktur. Dengan satu
peningkatan dalam jumlah kedua dan fasa ketiga, kadar pemecahan menjadi lebih
stabil, dan menolak membiakkanrekahan semasa permohonan kuasa luaran. Sifat-sifat
mekanikal termasuk keliatan patah, kekuatan lenturan, dan kekerasan di suhu ambient
telah ditentukan dan ciri-ciri rintangan kejutan haba sehingga 950°C juga disiasat.
Ciri-ciri ini telahdipertandingkan antara A1203 monolitik, Al203-Zr02 (AZ) dan
Al203-Si02-Zr02 (ASZ) komposit. Mikrostruktur tersinter, terma terkejut dan
mematahkan negeri-negeri permukaan disiasat menggunakan FESEM and AFM.
Tiga fasa telah diterima dengan satu komposisi 70% oleh beratalumina, 10% oleh
berat silica dan 20% oleh berat zirkonia. Pengukuhan Si02 and Zr02 menyumbang
dalam meningkatkansifat-sifat mekanikal rencam. Tersinter rencam terutamanya
mengandungi bentuk yang amat terhablur alumina, mulit dan fasa-fasa zirkonia.
Keliatan patah komposit diukur menggunakan Indentation Fracture (IF) kaedah, dan
satu nilai purata 0.86 MPa.m172, 1.75 MPa.m172, dan 2.39 MPa.m172 untuk A102,
komposit AZ and ASZ masing-masing. Satu kenaikan signifikan dalam keliatan telah
disedari oleh kemasukan Zr02 and Si02 oksida. Memasukkan peneguhan menjalani
penjelmaan fasa di bawah tekanan sertadengan membuat satu saling mengunci tiga
fasa. la adadiperhatikan bahawa ragam patah terutamanya antara habluran untuk
tersinter rencam A1203 and AZ kecuali ASZ, ia terutamanya transcrystalline.
Tambahan kepada pembentukan mulit disebabkan tindak balas silica dan alumina,
silica telah ditunjukkan melakonkan satu fasa cecair fana pensinteran bantuan yang
mengurangkan pensinteran suhu rencam Al203-Si02-Zr02 kepada 1450~1500°C.
Ukuran-ukuran Dilatometric menunjukkan bahawa pencampuran-pencampuran Si02
menambah kadar penumpatan semasa peringkat pertengahan relatif kepada contoh-
ix
contoh alumina monolitik. ASZ komposit mempunyai rintangan kejutan haba
tertinggi aripada alumina monolitik dan AZ, dengan perbezaan suhu genting menjadi
430°C. Rintangan kejutan haba hebat sedemikian ada dianggap berpunca daripada
peningkatan keliatan patah olehpenghalusan bijian dan ketersediaan fasa mulit
sebagai peneguhan. Kesimpulan utama dari keputusan-keputusan dalam tugas
inhnenunjukkan bahawa penghalusan bijian matriks A1203 disebabkantiga komponen
ada satu kaedah berpotensi untuk meningkatkan suhu bilik mekanikal dan rintangan
kejutan haba alumina berpangkalan komposit.
In compliance with the terms of the Copyright Act 1987 and the IP Policy of the
university, the copyright of this thesis has been reassigned by the author to the legal
entity of the university,
Institute of Technology PETRONAS Sdn Bhd.
Due acknowledgement shall always be made of the use of any material contained
in, or derived from, this thesis.
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Various processing procedures and techniques as well as material combinations have
been studied over the years to potentially improve the mechamcal properties,
toughness and mechanisms of ceramic composite materials. In this introduction part
of the research, the background and state of the art in the ceramic composite research
that motivated the study was briefly discussed. Problem statement and objectives were
developed based on the issues and the need from the technological advancements to
fill the gap. At the end of the chapter, organization and content of each chapter is
explained to help the readers to go through the dissertation more easily.
1.2 Background
Since the 20t century, the researches in the development of materials have now
produced almost every possible combination of metal alloys and the capabilities of
those alloys are fairly well known and exploited. The demand of industries for tailor
made, more efficient, less costly material system continues today. For example, the
operating temperature ceramic materials can withstand is 1400°C which is far
exceeding to those of conventional metallic alloys; the bulk material temperature of a
heat exchanger made of carbon steel should not exceed 425°C [1]. Similarly, the
maximum working temperature for a heat exchanger manufactured from stainless
steel is 650°C. The other example is that the need for greater efficiency in gas turbine
and automobile engines has required an increase in their working temperatures. It is
now generally agreed that metals used for some of the critical parts of those parts are
reaching the limit of thermal shock resistance, oxidation and hot corrosion. Such
1
components include turbine blades, inlet nozzles, seals, bearings and turbochargers
with typical working temperatures starting from around 650°C for industrial and
marine engines and rising to approximately 1300°C for high performance aeroengines
[2-7]. The use of ceramics composites in turbines should enable the operating
temperature to be raised to 1350°C - 1370°C, and give better specific power [8, 9].
The components should also be more corrosion, thermal shock and creep resistant.
Other advantages might include lower costs compared with nickel and cobalt alloys
and the ability to use cheaper lower grade fuel oil than used with these alloys. The
main reasons for the limited number of applications of ceramics in turbines to date are
their brittleness, low thermal shock resistance and difficulty in fabrication.
These days, as the technological advancements are ever increasing, the use of
metal based systems is surpassing the limit. The trend is demanding for new materials
capable of operating under higher temperature, high speed, longer life and lower
maintenance and operating costs which make industries competitive. Metals have
been the most available for material development due their unique properties like
ductility, tensile strength, abundance, simple chemistry, relatively low cost of
production and very easy for the forming and joining processes. By contrast ceramics
due to their brittleness, having more complex internal structure and requiring
advanced processing technology and equipment to produce, they are performing best
when combined with other ceramics, metals and polymers in structural areas. This
combination make possible for the production of large and complex structures used to
replace the advanced materials in area for example, in space shuttle, car engines and
turbines [10, 11]. But the application of ceramics in many structural and functional
applications is limited by their relatively low fracture toughness and difficulty in
machining complex structures from these high strength materials.
Oxide ceramics such as A1203, Si02, Zr02, Ti02, Cr202, and T203 are commonly
used materials owing to ease of fabrication and their stability at high temperature
compared with those of nitrides, sulphides and borides. They also have advanced
technological applications due to their high hardness, resistance to corrosion and high
dynamic modulus [5, 6], The system of ceramic composite materials consisting of
A1203, Si02 and Zr02 is the topic of this research owing to the high hardness,
oxidation resistance and structural application in the industry. Therefore, motivation
exists to involve in this ceramic composite development and improvement of its
mechanical properties and toughening mechanisms in the alumina matrix which
ultimately affecting the material's performance.
Recently, alumina based ceramic tool material is one of the most widely used in
structural applications [4, 12-15]. The focus of researches during the past years on the
alumina based ceramic structural materials was on the addition of one or several of
the reinforcement phases, such as TiC, TiN, TiB2, (W,Ti)C, Ti(C,N), Zr02, SiCP,
SiCW, etc. into A1203 matrix [5, 7, 10, 11, 16, 17]. The development of Ai203-Zr02 is
the most researched and it has been applied to a variety of areas like cutting tool,
engine parts, bone replacements and others. Toughening alumina ceramics by
dispersing zirconia particles in the matrix has been actively researched for the last
more than three decades. There are reports that the addition of a small amount (1000
to 2000 ppm) of zirconia into alumina as a sintering aid allowed the formation of a
solid solution which promoted the densification processes by the introduction of
lattice defects [12, 18, 19]. In contrast, the microstructural studies of zirconia
toughened alumina (ZTA) showed the presence of the two distinct phases, which do
not react with each other to form a solid solution. The toughening of alumina by
dispersing zirconia particles was first encouraged by the development of the partially
stabilized zirconia (PSZ). The presence of zirconia grains in the alumina matrix as a
discrete second phase enable the former to behave in an intrinsic manner, that is, to
undergo the tetragonal to monoclinic transformation or to be retained as the
metastable tetragonal form during cooling of the composites from the fabrication
temperatures. It was the volume expansion and shear strain associated with the
tetragonal to monoclinic (t—»m) transformation that results in toughening mechanisms
in these composites, including stress induced transformation toughening, microcrack
toughening, compressive surface stresses and crack deflection. One way or another,
improvement of the mechanical properties such as flexural strength and fracture
toughness is the main theme of all research to be applied in the structural application.
A variety of approaches have been used to enhance the fracture toughness and
resistance to fracture of monolithic ceramics. The essential idea behind all toughening
mechanisms is to increase the energy needed for crack propagation, that is Gic, in
Equation 1 as the basic approaches are crack deflection, crack bridging and
transformation toughening [20-22].
_ (l-V)2 K1C2
^IC - ^ (1)
Where Vis poison ratio, E is Young's Modulus and Kic is Fracture toughness
Although there has been considerable interest for the past three decades on
research of mechanisms of Zr02 in the toughening of ceramics e.g zirconia toughened
alumina, a technically clear and explanatory finding has started to emerge after 1995.
Grain refinement, microcraking and dynamic t-m transformation were the main
toughening factors in the A1203 + Zr02 and other alumina based composites.
Recently, several studies on the systems mullite - Zr02 and cordierite - Zr02 have
shown that fine Zr02 dispersions in a ceramic matrix can also affect the sinterability
and considerably improve the mechanical properties of the composite [7, 12, 23, 24].
Most available studies in literature are mainly concentrated on the toughening
behavior of the composites containing only one toughening reinforcement [4, 8, 12,
23, 25]. Unfortunately many of the binary ceramic composite systems have shown
limitations in terms of wide applicability and reliability of the materials produced.
The improved mechanical properties have shown significant degradation. For this
reason, three component ceramic composite systems are receiving great research
interest.
Regarding the processing method, pressure assisted sintering, reaction sintering,
reaction bonding, liquid phase sintering spark plasma reaction sintering and chemical
processes were the common routes to produce a dense zirconia toughened ceramics
with alumina matrix [6]. Based on the simplicity and the potential technical
applications, focus is placed on pressureless reaction sintering as an alternative
process in the fabrication of the tri-component composite. This is because it is a more
affordable ceramic processing technology than the other alternative powder
processing techniques like Hot Isostatic pressing (HIP) and requires less preparation
of the components (e.g., no protective container and set ups for pressureless sintering)
In addition to that, no expensive equipment is necessary, and only a few items are
required for fabrication. The only material necessities are material powders that form
the basis of the composite material system. These materials are mixed together in
various concentrations to develope the desired composites. Recently there are a
number of high density ceramic composites produced using pressureless sintering.
Tuan et al. [15] developed a Al203-Zr02-Ni composite using pressureless sintering
and improved the strength by 40 % of the monolithic alumina. They used a
temperature of 1700°C for sintering. In this research, the pressureless sintering is
considered as an inexpensive route for producing Al203-Si02-Zr02 ceramics
containing dispersed zirconia and mullite grains after reaction with enhanced
mechanical properties. Two concepts are considered in this sintering process, namely,
(i) The components are homogeneously mixed and subsequently heated at a suitable
temperature where sintering and reaction take place; and (ii) During heating of a
transitory liquid phase is evolved which enhances sintering and/or reaction at lower
temperature.
On the other hand, use of additives as a sintering aid is often reported to increase
the densification kinetics and to limit the grain growth. It also could depress the
temperature of the composite system via by reducing the corresponding activation
energy [4]. However, no in depth study has been reported so far in literature on the
mechanism through which the silica sand effectively aids the sintering and toughening
effect in the Al203-Si02-Zr02 composite. According to the phase diagram of the
Al203-Si02, the secondary intergranular phase created is mainly composed of mullite
when the percentage of silica exceeds certain value due to the reaction between
alumina and silica. The formation ofintergranular phases could play a positive role by
inhibiting the grain growth process and improve the toughness and mechanical
properties of the composite system.
The continued improvements in efficiency of high temperature mechanical
components depend on the improved materials and on design that may fit for the
specific working conditions. Ceramic composite materials are mainly designed for the
application of high temperature working conditions. The demand of ceramic materials
for high temperature structural application is increasing due to the high temperature
resistance and good mechamcal strength at high temperatures. However, when they
are subjected to sudden change oftemperature (thermal shock) orrepetitive cycling of
temperatures (thermal fatigue), the applicability is limited. Inareas where the thermal
system is varying, the change in temperature exceeds the critical temperature
difference (ATC) of the material; thermal tensile stress will be generated in the
material due to temperature gradient that exceeds its actual tensile strength resulting
in failure of the material. In this work, the effect of the tri-component composite
system on the thermal shock resistance will be studied by comparing the monolithic
alumina, Al203-Zr02 (AZ) andAl203-Si02-Zr02 (ASZ) composites fabricated.
The work presented here is based on the properties of the Al203-Si02-Zr02
system when using silicon oxide (silica sand) as sintering aid with x level 0<x<30 and
Zr02 with y level 5-25 wt.% (weight (wt) percentage), to compare the properties of
bothlow andhighx andy material with each other. The advantages of the silica sand
in the Al203-Zr02 system include the possibility of (a), easy sintering due to the low
ternary oxide eutectic temperature giving lowviscosities of the liquid phase between
1200-1650°C and (b) crystallizing the interpenetrating glass to more refractory
crystalline phases e. g. mullite which is hard and has a high decomposition
temperature andwas once regarded asa structural ceramic in its own right.
1.3 Problem statement
Ceramic materials are very attractive and known to have very important properties.
When compared to metals and polymers, they generally have high melting pointhigh
strength, hardness, wear resistance and chemical stability. Unfortunately the
application of ceramics in many structural and functional applications is limited
because of their low toughness and difficulty in machining complex structures from
the high strength materials. A1203 based ceramic composites are an improved
materials compared to the monolithic ceramics in many aspects of the mechamcal
properties. Significant advancement have been made to improve the mechamcal
properties of the Al203-Zr02 composite through a number of methods such as using
pressure assisted sintering (HIPing), particle refinement (use of nano particles ) and
chemical processes which are very expensive in the set up of the process. There were
also toughness improvements thorough the development of ternary composite A1203-
Zr02 by the addition of metallic additives such as Ti, and cobalt. Unfortunately, many
of the composites developed have shown early significant degradation in the strength
and toughness when operated on room temperature and thermal shock environments
due to the metallic inclusions [26, 27]. This has led interest in developing a tri-
component oxide ceramic composite to improve the mechanical properties. The
research investigates the improvement of the mechanical properties of the composites
by developing three component oxide ceramic system using a pressureless sintering
route. Selection of material which helps in lowering the sintering temperature of the
composite is as equal important as improving the mechanical properties. The
materials selected for this research are representatives of ionic and covalently bonded
compounds both of which have a high potential use as high temperature structural
component. The interest of this research is to develop Al203-Si02-Zr02 composite
using a pressureless sintering powder processing route and study the mechanical
properties and toughening mechanism. The influence of zirconia and silica on the
microstructure and mechanical properties of alumina matrix ceramics material was





Figure 1.1: Binary vs ternary component systems
Therefore, with an increase in the amount of the second and third components, the
cracking rate becomes more stable, indicating that the tri-component microstructure
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(Figure 1.1) helps to limit grain growth. This research investigates the possibility of
using A1203 matrix dispersed with Si02 (silica sand) and Zr02 to develop tougher
ASZ composite.
1.4 Objective of the research
The main objective of the research has been to develop a three-component A1203-
Si02-Zr02 (ASZ) composite using pressureless sintering and characterize mechanical
properties.
Along with the main objective, the following specific tasks were to be
accomplished:
i. Determine the compositional- mix of the composite which - resulted in
maximum physical and mechanical properties.
ii. Study the effect of silica and zirconia on the physical and mechanical
properties of the composite.
iii. Investigate the pressureless sintering mechanism of the composite
iv. Investigate the effect of Si02 (silica sand) in the densification of the ASZ
composite
v. Characterize the physical, mechanical and thermal properties of the developed
composite materials.
1.5 Scope of the research
The research work developed the three component particulate ceramic composite
using a pressureless sintering powder processing route. The starting powders were
A1203, Si02, and Zr02 ceramics which both of have a high potential use as high
temperature structural component. The Si02 powder was produced in the laboratory
by a dry ball milling process from a locally silica sand found around Tronoh, Perak
Malaysia where as the other two components were commercially available in the
laboratory. Even though there were fractions of impurities in the component particles
the effect due to the impurities on the property of the composite was out of the scope
of this research.
The effect of reinforcing the alumina matrix with silica and zirconia particles was
investigated and the resulting mechanical properties were measured. The effect of
silica on the behavior of phase formation during Al203-Si02-Zr02 sintering was also
studied using dilatometer. It is one of the most powerful techniques used in this
research to study the shrinkage behavior in the sintering process, because it permits
the real time monitoring of the evolution of transformations in terms of dimensional
changes occurring in the sample by application of a thermal cycle [28-30].
Mechanical reliability and long time use in extreme environments is a key issue in
ceramic based composites for the ultimate use in specific applications. In order to
investigate the behavior of the composite, several experiments, characterization and
analytical works have been done. Room temperature mechanical tests such as flexural
strength, fracture toughness and hardness tests have been carried out. Microstructural
study like FESEM, EDX, and XRD results were the main parameters to investigate
internal behavior of the material produced. High temperature applicability and the
reliability tests were also done by studying the thermal shock resistant behaviour of
the tri-component composite. Water quenching method according to the ASTM
(C525-04 (2009) standard procedures were used to study the thermal shock behavior
of the composite.
1.6 Organization of the thesis
The thesis is organized according to the following scheme.
Chapter 1 (the current chapter) is the introduction part discussing with the back
ground to the research topic and shows the main issues in the development of three
component ceramic composite. The problem statement has been elaborated followed
by the objective of the research.
Chapter 2 reviews the theoretical framework of the research area through
literature survey on the development of the oxide ceramic composites and the
processing. It starts with the study of the properties of the component oxide ceramics
which build up the composite. The ceramic processing was also dealt in depth and it
has been discussed the research works related topics regarding the findings that has
been achieved. The fundamental concept of pressureless sintering and the factors
which affects the process has been discussed. It has been reviewed the factors which
affect the densification of the resulting composite and practices to improve the
performance of the sintered part. Toughening mechanisms of binary and some other
ternary systems previously developed composite were also surveyed in depth.
Chapter 3 is the sample preparation and material characterization part where the
different parameters which the researcher is going to analyze. The equipments needed
and the procedures to be followed have been discussed. The powder preparation,
microstructural characterization techniques and methods (equations) to determine the
mechamcal properties of the resulted composites were discussed briefly.
Chapter 4 analyse the results achieved in chapter three. The results for each
experiment were discussed. The chapter is divided in to three sections where the first
section is reporting the findings that have been achieved in the optimization of the
appropriate composition of the composite system and comparing the different
physical and mechamcal properties. The second section deals with role of silica in the
composite system where it was determined the exact quantity needed for the good
densification and better mechanical property of the product. The third section is
studying the toughening mechanisms of the ternary system compared to the binary
one.
Chapter 5 draws the conclusion and recommendation from the results achieved
and forwarding future works which should be done parallel to this work. Finally, the





This chapter contains a review onthe theory and previous works that are relevant with
this research. Thefirst section deals with the materials used in the development of the
composite. The second section presented the basic understanding of the
thermodynamic and kinetic phenomena of the diffusion process in pressureless
sintering. Within this section it was also discussed previous works of pressureless
sintered composite of related materials. In the third section, the mechanical properties
and toughening methods in relation with the microstructural design, has been
reviewed. In the last section, the need for thermal shock resistance of the material
produced was discussed related to the objectives of the research. Generally, the
chapter attempted to examine the previous works and identify the issues which are
relevant to this work.
2.2 Alumina, silica and zirconia
2.2.1 Alumina
Alumina (A1203) is the most cost effective and widely used material in the family of
engineering ceramics. It possesses strong ionic interatomic bonding giving rise to its
desirable material characteristics. It can exist in several crystalline phases which all
revert to the most stable hexagonal a - phase at elevated temperatures [31]. The
properties of alumina compared to the reinforced components are shown in Table 2.1.
It has excellent properties in hardness, corrosion resistance, high electrical resistance,
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high thermal conductivity and heat resistance; it has been used in a variety of
structural and electrical applications [31, 32] . Alumina is very stable and highly
resistant to chemical attack under both oxidizing and reducing conditions. Alumina
also possesses the advantage of being fairly inexpensive to manufacture. However,
alumina suffers from lower thermal shock resistance as compared to mullite. It needs
a reinforcement of mullite in the application of high thermal shock.
Table 2.1: Alumina, Silica, zirconia and mullite room temperature engineering
properties [32, 33].
Properties Alumina Silica Zirconia Mullite




370-380 69-74 138-200 145-229











8.1 8.2 5-10 4.5-5.6
Melting point, °C 2054 1750 2560 1725
2.2.2 Silica
Silica (Si02) is one of the most common and abundant chemical compound. The three
forms of silica are quartz, tridymite and cristoblite as shown in Figure 2.1. For each
form, at low temperatures (the a phase) we find structure that is a distortion of high
temperature form (the p phase).In each case, changing from the a to p structure
involves a displacive phase transformation; the atoms need to move only slightly
relative to one another [32]. However, to change form one form to another form
requires breaking bonds. The properties of Si02 are shown in Table 2.1. The glass
forming ability, along with the widespread occurrence of quartz sands, has resulted in




Figure 2.1: Schematic diagram to show the three forms of silica converted in to one
another [34].
2.2.3 Zirconia
Zirconia (Zr02) ceramics have a martensite-type transformation mechanism of stress
induction, giving the ability to absorb great amounts of stress relative to other ceramic
materials. It exhibits the highest mechamcal strength and toughness at room
temperature. Zirconia has excellent wear, chemical and corrosion resistance and low
thermal conductivity [32]. Pure zirconia exists in three crystal phases at different
temperatures. At very high temperatures (>2370 °C) the material has a cubic structure.
At intermediate temperatures (1170 to 2370 °C) it has a tetragonal structure. At low
temperatures (below 1170 °C) the material transforms to the monoclinic structure as
shown at the end of this paragraph. The transformation from tetragonal to monoclinic
is rapid and is accompanied by a 3 to 5 percent volume increase that causes extensive
cracking in the material. This behavior destroys the mechanical properties of
fabricated components during cooling and makes pure zirconia useless for any
structural or mechanical application [7, 15, 21, 23, 35]. The properties of Zirconia are
shown in Table 2.1 on page 12.
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1170°C 2680 °C
Monoclinic <—• Tetragonal <—• Cubic Liquid
Several oxides which dissolve in the zirconia crystal structure can slow down or
eliminate these crystal structural changes. Commonly used effective additives are
MgO, CaO, and Y203 [36]. With sufficient amounts added, the high temperature cubic
structure can be maintained to room temperature. Cubic stabilized zirconia is a useful
refractory and technical ceramic material because it does not go through destructive
phase transitions during heating and cooling. The structure of teteragonal and cubic
are shown in Figure 2.2.
>a
Figure 2.2: Structure of (a) Tetragonal and (b) cubic zirconia [37].
2.2.4 Mullite
Mullite has excellent high temperature properties with good thermal shock and low
thermal stress owing to the low thermal expansion, good strength and interlocking
grain structure [4, 38, 39]. The typical physical and mechanical properties are shown
in Table 2.1 onpage.12.
Mullite is an intermediate compound of A1203 and Si02 with ideal stoichiometry
of 3Al203.2Si02. It is the only stable unhydrated compound in the alumina- silica
phase diagram system as shown in Figure 2.3. It has an orthorhombic silicate structure
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made up of chains of A106 octahedral running parallel to the z axis and cross linked
by tetrahedra containing Si and Al.
2.200
2.054°
SiO^ (crissohEtite) + imillite 0S) i
ill
Figure 2.3: Alumina-silica phase diagram showing the phase stability [40].
2.3 Particle characterization and selection
The final properties of ceramic composites are dependent upon the behavior and
characteristics of the raw materials. The characteristics of raw powder materials have
a major effect on the outcome of the composite. The important characteristics of the
powders can be categorized as show on Table 2.2, as physical properties, chemical
compositions, phase compositions and surface characteristics [41]. For example,
purity, particle size distribution, reactivity, polymorphic form, availability and cost
must be considered and carefully controlled.
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Trace elements Phase composition
Surface area -
- -
Density and porosity - -
-
The high temperature properties such as strength, stress mpture life and oxidation-
resistance is strongly affected by the purity of the powder. The chemistry of both the
matrix material and the impurity, the distribution of the impurity, and the service
conditions of the component (time, temeperature, stress, and environment) are the
factors which determine the effect of the impurity [42].
Hyung Bond et al. [43] prepared a glass-inflitrate alumina composite by mixing
course and fine alumina powder and achieved a highest bending strength of 510 MPa.
Cemail Aksel et al. [44] investigated the influence of varying the amounts of spinel
with a similar median particle size, but with different distribution, on the mechanical
properties and thermal shock performance of MgO-spinel composites. Narrow
distributed spinel particles resulted in shorter initial crack propagation distances from
the spinel particles, while a significantly broader distribution were the origins of
longer interlinked cracks. This shows particle size and size distribution have a
significant effect on the mechanical strength, density, electrical and thermal properties
of the finished object. The particle size distribution and the morphology can be
studied using SEM as shown in Figure 2.4. It is important depending on which
consolidation technique is to be used. In most cases the objective of the consolidation
technique is to achieve the maximum particle packing and uniformity, so that
minimum shrinkage and retained porosity will result during densification. A single
particle does not produce good packing, optimum packing of particles of the same
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size results in over 30% void space. However, mixing particles of the size equivalent
to the largest voids may reduce the void content to 26%. Adding a third to the binary
particle, still smaller particle size can reduce the pore volume to 23%. Therefore, to
achieve the maximum particle packing, a range of particle size is required. Particle
shape also influences the flow properties and packing of powders as well as their
interaction with fluids (e.g., viscosity of a suspension).
*
*
Figure 2.4: SEM micrograph ofalumina powder [40]
Another important aspect of starting powder is reactivity. The primary driving
force for densification of a compacted powder at high temperature is the change in
surface free energy. Very small particles with high surface area have high surface free
energy and thus have a strong thermodynamic drive to decrease their surface area by
bonding together [22].
2.4 Fundamental of sintering
Sintering is the most important step in powder processing because it is at this stage
that the material is subjected to very high temperatures, causing the particles to form
bonds that are needed to hold the mass together.
The type and classification of sintering is based on the mechanisms that are
mainly responsible for shrinkage or densification. Solid state sintering is the
mechanism occurred during solid state diffusion of particles. Polycrystalline materials
usually sintered by this process [45]. The second classification is when amorphous
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materials sinter by viscous flow and are thus considered to undergo viscous sintering.
Another type of sintering that makes use of a transient second phase that exists as a
liquid at the sintering temperature is known as liquid phase sintering. The liquid phase
under the right conditions can provide a path for rapid transport and, therefore, rapid
sintering.
A number of researchers [45-47] have been studying the entire sintering process
and it was considered to occur in three stages (I, II and III) as shown in the
dilatometry graph in Figure 2.5. There is no clear-cut distinction between the stages
since the processes that are associated with each stage tend to overlap each other.



















Figure 2.5: Linear shrinkage versus sintering temperature [48].
In the initial stage of sintering as shown in Figure 2.6. (a), where L0 is the overall
optimum length of the particles in the initial sintering, we can see that the sintering
force move the particles into a more stable position by rotating and sliding. This
contributes to shrinkage and an overall increase in density. The increase in the
interparticle contact during the rearrangement process facilitates the formation of




growth to take place are diffusion, vapour transport, plastic flow, or viscous flow. The
initial stage is assumed to last until a neck radius of around 0.4 to 0.5 of the particle
radius is attained. The intermediate stage (Figure 2.6. (b)) is considered to begin when
the pores have attained their equilibrium shapes as dictated by surface and interfacial
energies. Because the density remains low at this point, the pores are still continuous
or interconnected. Densification is assumed to take place by the reduction in cross
section of the pores. Eventually, pores become unstable and are pinched off from each
other, leadingto the final stageof sintering. Of the three stages, the intermediate stage
covers the majority of the sintering process. The final stage (Figure 2.6.c) covers the
elimination of the isolated pores until the theoretical density is reached. This stage is
also characterized by grain growth in which the larger grains tend to increase in size
at the expense of the smaller grains. The extent of grain growth is dependent on both
the material and the sintering condition [33].
m
Figure 2.6: Schematic representationof neck formation during solid sintering due to
(a). Powder compaction (b). Neck growth (c). Neck growth accompanied by
densification [33]
In liquid-phase sintering, the liquid phase can initiated via two common
techniques [33, 45, 46]. In the first method, powders of different chemistries are
mixed so that the interaction of the powders results in the formation of a liquid during
sintering. The liquid formation in this method can be a result of the melting of one
component of the formation of a eutectic phase. In the second method, the liquid can
be formed by heating a powder to a temperature between the liquidus and solidus
temperatures, resulting in co-existing liquid and solid phases.
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Liquid phase sintering can also be described by three phases that are driven by
surface energy reduction [28, 29, 45]. In the first stage, capillary action pulls the
liquid into pores so that the liquid wets the solids. This will results in rearrangement
of grains into the most favorable packing arrangement. In the second stage, the liquid
has solubility for the solid and this will result in densification. When smaller particles
in the solids go into solution, they will preferentially precipitate on larger particles,
leading to densification. In the final stage, a solid skeletal network forms and the
liquid moves into pores so that the wetting liquid reduces the porosity and interfacial
energy ofthe solid phase, leading to additional densification .
In the final stages of both solid and liquid phase sintering, the sizes of larger
grains increase at the expense of smaller ones. Because the sintering process is so
dependent on diffusion and grain growth, particle size distributions must be carefully
controlled. A broad particle size distribution will result in hinder diffusion, abnormal
boundary growth and isolation/entrapment of pores. Studies show that powders with
a narrower initial particle size distribution will result in a lower initial rate of
densification before grain growth but a higher rate after [42].
2.4.1 Sintering mechanisms
In the sintering of ceramic materials, diffsional process for polycrystalline and viscous
flow for amourphous materials are the main transporatation methods which are
responsible for the densification of the material. These transportation methods are
derived by ih.e chemical potential or energies created along the surfaces, intersurfaces
and grain boundaries which are associated with the size of the surface or boundary
curvature. The stable or minimized overall energy is achieved by reducing or
minimizing the surfaces or curvature radius of the boundaries [14, 49, 50]. The
different mechanisms of sintering for both polycrystalline and amorphous materials
are summarized in Table 2.3 and Figure 2.7. The only mechanism which can produce
densification is the volume diffusion from grain boundaries or from dislocations in the
neck region. The effect of the other mechanisms is to reduce the neck curvatures
formation and reduces the driving force; hence contribute for the densification rate.
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Table 2.3: Sintering mechanisms in polycrystalline and amorphous materials [49].
Type of solid Mechanism Source of
matter
Densification effect











Amorphous Viscous flow Unspecified Yes
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Figure 2.7: The possible mechanism contributing to sintering process: VD-Volume
diffusion, GB- grain boundary diffusion, SD- surface diffusion, PF- plastic flow
diffusion, E-C- Evaporation condensation flow [51].
2.4.2 Theoretical analysis of sintering
In the study of sintering behavior different theoretical approaches were practiced.
Among the most known approaches are the scaling laws [49, 52], analytical models
[53], empirical or phenomenological equations, and statistical and numerical
techniques. When we study the sintering behavior we used simplified, idealized
models to represent of the particles in a sintering body. Because of the complexity of
the real mechamsms in the sintering process, the structure of the powder system needs
to be idealized. Hence, it would be difficult to fully deploy the analytical models
because real systems are far from being ideal.
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Among the models, scaling laws, and analytical models are most popular. The
scaling law simply assumes that the particle size of any given system remains the
same and the shape of the particles remains similar during sintering. Though this
model is oversimplified, it is useful for the understanding of particle size dependence
of the sintering mechanism [49], and is also useful for determine how the relative
rates of the different mechanisms are influenced by the particle size. One of the most
important equations of the scaling laws is:
At I=©m =^m w
Where Ata and At2 are respectively the time to produce similar microstructural
change for particles of radius Rt and particles of radius R2, X is the ratio between R2
and R± , m is the exponent of various mechamsms are given in Table 2.4.
Table 2.4: Exponents of scaling laws [49].




Grain boundary diffusion 4
Plastic flow 1
Viscous flow 1
To determine the relative rates of the different mechanisms, the above equation
can be written as:
Rate, = m
Rate2 v J
The scaling laws do not consider the shape of particles. To derive a more accurate
equation, the geometrical details must be adopted. The analytical model assumes a
relatively simple, idealized geometry, and, for each mechanism, the mass transport
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equations are solved analytically to derive the sintering kinetics. In the analytical
model, sintering can be divided in to three [11, 49, 51]:
1. The initial stage: rapid interparticle neck growth by diffusion, vapour
transport, plastic flow, or viscous flow.
2. The intermediate stage: pores begin to reach their equilibrium shape which is
dictated by the surface and interfacial tension. Pores are continuous, and
densification is caused by pore shrinkage.
3. The final stage: channels between pores are closed. Pores become isolated at
the grain boundaries. Abnormal grain growth during this step could lead to
pore entrapment inside the grains, and removal of this pores become
impossible.
The densification of a polycrystalline powder compact is normally accomplished
by coarsening of the microstructure: the average size of the grains and the average
size of the pores become larger. The achievement of high density and controlled grain
size is dependent on reducing the grain growth rate, and increasing the densification
rate. Controlling grain growth is extremely important because the grain size affects he
ceramics properties as well as the final relative density of the product. Theoretical
approaches have not given fruitful results up to now. In practice, the way to avoid
abnormal grain growth includes:
a. Use of dopants to segregate the grain boundaries
b. Use of second phase powder that does not react with the grains
c. Homogenous packing of powder with a narrow size distribution
d. Sinter with an applied pressure
e. Use of a second phase that form a liquid at the firing temperature
The use of liquid phase sintering is to enhance densification rate and to decrease
the fabrication temperature of a system requiring too high temperature in a
conventional solid-state sintering. The microstructures of ceramics produced by
liquid-phase sintering consist of two phases:
(1) The crystalline grains and
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(2) The grain boundary phase resulting from the solidified liquid.
Compare to solid state sintering, the additional phase makes liquid phase sintering
more difficult to analyze.
The only systematic study of pressureless sintering kinetics applies the Kingery
liquid-phase sintering model in which three stages are identified, as summarized by



















Figure 2.8: Schematic plot of three stage of liquid phase sintering [54].
The stages are [14, 45, 55]:
1. Particle rearrangement within the initial liquid, where the rate and the extent of
shrinkage depend on the volume and viscosity of the liquid; this is the incubation
period for the a—»p transformation;




Where t is time, n = 3 when the solution into or precipitation from the liquid is rate
controlling and this was found to be the case for MgO additive, n = 5 when diffusion
through the liquid is rate controlling as is the case for the Y2O3 additive, where
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diffusion through a more viscous oxynitirde liquid is much slower; the a—»p
transformation begins during this stage and is more rapid for Y2O3;
3. Final elimination of closed porosity during which the liquid acts to form a more
rounded grain morphology; final density is greater than 95% of the theoretical
value.
The type and amount of additive used for sintering, not only aids densification but
also determines the nature and quantity of the resulting grain boundary phase as
indicated in Equation 2.4. The concept of "grain boundary engineering" sought to
control the structure of, and reactions occurring at, the grain boundaries in silicon
nitride based materials and significant advances in materials properties were realized
as a result of this approach.
2.5 Pressureless sintering of ASZ systems
For alumina based ceramics, composites have been produced using zircon (ZrS04)
rather than zirconia (Zr02) as the initial precursor [6, 18, 19, 56]. A dissociative
reaction of the zircon provides zirconia and silica. This free silica reacts with alumina,
producing mullite in a process known as reaction sintering. Depending on the amount
of reactants (alumina and zircon), a mullite-zirconia composite (mullitic matrix with
zirconia inclusions) or an alumina-mullite-zirconia one (alumina matrix with mullite
and zirconia inclusions) was obtained. In the latter, it was possible to associate
toughening mechanisms provided by the zirconia inclusions, as well as those related
to the presence of the needle-like mullite. Furthermore, the addition of mullite in an
alumina matrix offers additional benefits due to its high refractoriness and lower
thermal expansion coefficient.
In order to produce the ASZ composite, there are many ways of introducing
zirconia into an alumina matrix to produce these composites, e.g. conventional or
chemical processing of alumina and zirconia powders [57] as well as sol-gel [58, 59]
can be used. The same holds true in pressureless sintering, in which alumina and
zircon (ZrSi04) [59, 60] are used as the initial powders. The disadvantage is that the
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dissociation reaction of zircon causes porosity that may lead to degradation of the
mechanical properties. In an attempt to control this porosity, this research used a
dissociated zirconia and silica powders as reinforcement for the production of
alumina-zirconia-mullite composite. It is also cheaper compared to the starting raw
materials zircon to use zirconia and silica as raw materials to easily be implemented
industrially (in view of conventional equipment and processing techniques and energy
consumption).
2.5.1 Alumina - Zirconia (AZ) composites
AZ ceramic composites are the most researched and represented a class of high
strength and high toughness structural materials. The improved toughness is achieved
through a phenomenon known as "Transformation toughening". Many researches
have been done so that marked increase in the bending strength and fracture
toughness was observed when the alumina matrix was reinforced through metastable,
tetragonal zirconia particles of an average size of 0.7 mm [7, 57, 61, 62]. Mechamsms
of toughening and strengthening in each of zone of composition (AZ) was analyzed
and it was found that stress induced transformation Zr02 and dispersion strengthening
of AI2O3 were the two main factors [62]. W.H.Tuanet.al [7] developed a composite of
Al203/t-Zr02/m-Zr02 and the result showed the toughness is two times and the
strength three times of the pure alumina ceramic using pressureless sintering process.
Now days,an increase in toughness andstrength (Kic ~ 1.5-8 MPam1/2 ; ab~ 200-1300
MPa) due to the zirconia inclusions in combination with hardness (16-19 GPa ),
Young's modulus (320-370 GPa) as well as low specific weight (4-2 g/cm3) has
resulted in several technical applications of zirconia toughned alumina (ZTA), like
cutting tools, grinding media, wear resistant parts.
2.5.2 Alumina-Silica (AS)
Limited research has been taken place in this composite type because, alumina and
silica do have wide difference in the thermal coefficient of expansion. But there are
reports [63, 64] that an alumina-silica composite that a critical limit exists on the
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second phase (silica powder) reinforcement volume that can be accepted by the
alumina matrix in order to achieve a densification of >90%. The exact value of this
limit remains to be verified, but it can be stated that if large size second phase
particles are present, they hinder the die cold pressing process and finally reduce the
sintered density. There are observations that an addition of 30% Si02 particles
drastically reduced the sintered density of the composite to 70% of its theoretical
density [30].
There is also a work [65] that has been done in producing alumina -silica ceramic
with mullite whisker structure as armor material for protecting high velocity
projectiles. The mixing composition as a starting powder was alumina, quariz,
kaoline, feldspare and talc, sintered from 1200 to 1450°C for 5 to 3 hrs .
2.5.3 Zirconia-Silica (ZS)
From the phase diagram of Zirconia and Silica oxides, it can be observed that there is
no solid solution formed but at high temperature (1300°C-1400°C) there is a reaction
between them to form zircon - ZrSi04 [66]. But T. Ahmad and O. Mamat [67]
claimed that, a more dense and harder composite was produced by adding 20% wt.
nano silica sand. They observed a decreasing trend of green density but an
improvement in the sintered density. Also the addition of silica sand nanoparticles
with 20 wt.% increased the hardness up to 12.45 GPa and microstructures indicated
the diffusion mechanism of silica sand nanoparticles into pore sites of the composites
2.5.4 Mullite-Zirconia (MZ)
Mullite (3Al203.2Si02) ceramics has been available as a structural material with
excellent thermal shock resistance, hot load-bearing characteristics, and high
refractoriness. Due to the poor toughness, however, the applications of the mullite
ceramics have been restricted. In order to improve such toughness, some researchers
examined the fabrication of mullite-zirconia composite ceramics, using the starting
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powders prepared by mechanical mixing [68, 69], coprecipitation [70], sol-gel [58],
and alkoxide [58] techniques.
T. Ebadzadeh et al. [71] has analysed the influence of starting materials on the
reaction sintering of mullite-zirconia composites. They use ZrSi04 as an additive to
alumina ceramics for the following reaction:
2ZrSi04 + A1203 —• Zr02 + 3Al203.2Si02 (2.5)
The microstructure observed of samples sintered after 2 hr at 1600°C revealed
complex microstructures which contain different intergranular Zr02 particle
morphologies surrounded by the mullite matrix.
2.5.5 Alumina-Silica-Zirconia (ASZ) composites
From the works of Nagarajan et al. [58], in situ preparation of Al203-Si02-Zr02
composite system, it was noted that, of the three oxides involved in the system, Si02
is acidic, AI2O3 is amphoteric, and Zr02 is basic in their chemical nature. The
expected products are therefore cristoballite, A1203, Zr02, mulite, and zircon. There
is no reported compound formation between Zr02 and AI2O3 they form a perfect mix
to each other. An important driving force for the direct Zr02-Si02 reaction in the
ternary system could be the difference in the molecular electronegativities (*av) of
Zr02 and Si02 .As it can be observed from Table 2.5, Si02 and Zr02 have the highest
electronegativity difference which is the chemical driving force for the reaction
between Zr02 and Si02.
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0 Si Al Zr
Si02 2.820 -0.2143 +0.4278 - -
A1203 2.537 -0.3121 - +0.4683 -
Zr02 2.500 -0.3249 - - +0.6503
ZrSi04 (Zircon) 2.654 -0.2718 +0.3504 - +0.7356
Al6Si2Oi3 (mullite) 2.615 -0.2853 +0.3323 +0.5075 -
It is interesting to note here from Table 2.5 that, AI2O3 and Zr02 have almost
equal molecular electronegativities and have no chemical driving force for reactions.
This is substantiated by the fact that there is no reported compound formation
between Zr02 and AI2O3. Indeed recently it is observed that they form solid-solutions
over a wide range of compositions.
It is well known that Zr02 imparts very desirable mechamcal properties such as
high toughness and strength when it is present in composite ceramics. AI2O3 and Si02
are traditional ceramic materials of great utility. It is therefore necessary to examine
the effect of ZK>2 on ceramics containing both AI2O3 and Si02 as well as Si02 effect
on the same system. As we can see from the phase diagrams, of the three oxides
chosen for the study, AI2O3 and Zr02 react independently with Si02 giving rise to
well defined compounds at high temperatures. The compound formation influences
the properties of the resulting ceramics.
The result of different proportion of the component elements (alumina and zircon)
shows that an increase in the zircon content in the reaction (given by the chemical
reaction above) increases porosity and lowers density. Observation of the micrographs
also enables to describe the composites' microstructure. The matrix shows a
homogeneous distribution of mullite and zirconia inclusions (resulting from the good
homogeneity achieved in the mixing process and from the use of zircon with a small
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average particle size). Of all the composites produced from the different sample
proportion, the most effective one appeared to be the one with 15% of zircon. This
sample showed the best mechanical properties and R-curve behavior. With regard to
the thermomechanical properties evaluated, composite of 15% zircon also showed the
best ATc (variation of critical temperature for initiation of crack propagation) and a
value of R (thermal shock damage resistance) 1.6 times higher than the value obtained
for pure alumina.
2.6 Toughening of ceramics
Toughening is one of the important key parameter in improving the mechanical
properties of ceramics. Thus, the understanding of the fracture mechamsms brittle
materials is very important to study the behaviour of ceramic and composites. In these
materials plastic deformation by dislocation motion does not occur, or occurs to such
a limited extent that cracks are sharp to the atomic level of the solid. Resistance to
fracture is provided by the lattice itself, and not by the movement of dislocations.
Ceramics can be made tougher by modifying the microstructure of the solid in such a
way as to reduce stresses near crack tips. Our ability to make tougher ceramics has
increased gradually with our deepening understanding of brittle fracture. The purpose
of this review is to outline the evolution of this understanding and to show how the
knowledge gained is currently being applied to the development and manufacture of
tougher ceramics.
The low fracture toughness or lack of ductility in ceramics is associated with the
fact that ceramics typically posses less than the five independent slip systems
necessary for arbitrary shape changes in that this materials posses strong ionic and
covalent bonds [3, 5, 11, 20, 21, 40, 72]. Planar slip for ceramics involves, first, the
breaking of strong bonds which do not reform, and second, the coming in contact of
ions of different charges which may generate strong attractive and repulsive forces. In
addition ceramics do have low symmetry crystal structures; posses long range order,
and are extremely flaw sensitive. In order to increase the end uses of ceramics,
extensive research have been and being conducted in developing tougher ceramics.
31
For structural materials, toughness usually means fracture toughness, or the
resistance of a material to the propagation of a crack. For a perfectly brittle and elastic
material with an initial crack size of a,
a= |^V (2.6)
no. (1-V )
The above Eqnuation 2.6 is for a tri Axial stress state and for biaxial state stress is
written as:
°-F? ^
a is the fracture stress,
ys is the specific surface energy
E is Young's modulus
a is the existing, or initial, crack length
V is Poisson ratio.
It has been found that for ironically bonded solids this equation provides a good
predication for the one set fracture, however, for covalently bonded ceramics this
formula underestimate the energy necessary to cause failure.
The inherent brittleness of ceramics provides a severe mechanical disadvantage
which largely limits a broader use of these materials in advanced structural
components. Furthermore, often the poor reliability due to the scatter in fracture
stresses does not facilitate applications. About two decades ago, it was first observed
that certain technical ceramics are able to develop a kind of flaw tolerance by an
increase of toughness with crack extension. Since then this favorable crack resistance
(R-curve) behavior has gained considerable interest in the ceramic community. In the
following section a brief outline of the mechamsms of toughening and the application
of it will be discussed.
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2.6.1 Toughening mechanisms in ceramic composite
The toughness of materials is very important in engineering design process because it
is related to the fracture toughness of materials. It is the one used to describe a
material's resistance to fracture when a crack is present. It is defined by "the
irreversible work (per unit area of fracture surface) accompanying crack propagation".
In other words, it measures the ability of a material to absorb energy up to the fracture
point [11, 23, 38, 40, 61, 73-75]. In the past several decades, much effort has been
concentrated on improving the fracture toughness of ceramics.
The toughening techniques of ceramics are classified into three groups:
(A) Particle dispersion toughening [20, 76, 77],
(B) Multilayer toughening [78, 79], and
(C) Phase transformation toughening [80]. In this research paper, toughening
techniques of A and C will be the focused mechanizms to discuss.
Particle dispersion toughening of ceramics was studied analytically and
experimentally mainly in the 1960s. In the analytical field, Weyl et al. [20] and
Seising et al. [20] derived an analytical solution of residual stress around a spherical
particle dispersed in an infinite body. In the experimental field, Davidge and Green
[76] and Swearengen et al. [81] fabricated composites of spherical ceramic particles
within glassy matrices with different thermal expansion coefficients, examined the
relationship between the residual stresses and the crack path behavior, and revealed
that the residual stresses due to thermal expansion mismatch have no notable effects
on improvement of toughness of the materials.
Ceramic composites developed by Niihara et al [82] and his coworkers [83] are
one of the particle-dispersed materials, but the strengthening and toughening
mechamsms are quite different, where the strength of the composites was improved
significantly and also moderate enhancement in toughness was found. The
microstructure of the composites is constructed by dispersing second phase nanosize
particles within the matrix grains and on the grain boundaries. Thermal expansions
mismatch between the matrix and second-phase particles produces a marked
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improvement in fracture properties, such as strength, hardness, creep resistance, and
wear resistance. The mechanism is believed to be chiefly due to generation of
dislocations around the second-phase particles. The dislocations form networks or
sub-grain boundaries in the matrix and disperse into the matrix to serve as origins for
nanocrack nuclei because dislocations in ceramics are difficult to move. The concept
of ceramic composites is, therefore, considered to be quite reasonable as a means to
enhance the fracture toughness of brittle ceramics. The enhancement mechanisms
behind the mechamcal properties of ceramic based composites are still unclear,
although several models for the toughening and strengthening mechanisms of
composites have been proposed, such as a steep R-curve behavior model [77, 84], a
residual stresses model [85, 86] and a reduction model in processing defect size [87,
88]. The following review discusses the fracture of ceramic composites and the type
of tou°henin° mechanisms available.
For any fracture to take place in a material, two steps must be involved: (1) crack
formation and (2) crack propagation. As it shows in Figure 2.9, there are three
fundamental modes of crack propagation. Mode I is the "tensile opening mode",
within this mode the applied tensile stress is normal to the crack surface and tends to
open the crack. In Mode II, the "in-plane sliding mode" the direction of crack
propagation is parallel to the applied shear stress. Mode III is the "out-of-plane sliding
mode". In this mode the crack propagates in the direction normal to the shear stress,
which produces a "tearing" type of fracture [3, 5, 11, 21, 72, 89]. To prevent crack
propagation in order to avoid fracture, the fracture toughness of materials can be
increased. Due to the difference in toughening mechamsms, the material classes
including metals, ceramics, composites and polymers, are toughened in different
ways.
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Figure 2.9: Fundamental mode of crack propagation [89].
Considerable effort has been expended to produce structural ceramics with
enhanced toughness with some success, although toughening mechanisms which
remain effective at high working temperatures remain elusive. Recently it has been
observed that enhancements in the toughness may be achieved if a number of
different energy dissipative mechanisms are present in the ceramics [5, 11, 20, 21, 37,
40, 86, 89]. These mechanisms can be classified as either as intrinsic or extrinsic in
the nature as shown in Figure 2.10. Intrinsic mechanisms are associated with material
chemistry in terms of the ductility and or flow of constituents within the ceramic.
Extrinsic mechamsms are associated with energy dissipating events which happen in
two different regions of an advancing crack, namely the wake of the crack and frontal
zone ahead of the advancing crack tip [90, 91]. These mechanisms consume energy




Figure 2.10: Schematic illustration of mutual competition between intrinsic
mechanisms of damage/crack advance and extrinsic mechanisms of crack-tip
shielding involved in crack growth [91].
Figure 2.11 shows example of these various energy dissipative mechanisms.
Theses mechamsms can be seen to take place in either in the frontal zone ahead of the
crack tip or in the wake of the crack. These mechanisms include: Crack deflection and
Crack shielding mechanisms (Transformation toughening, Microcracking induced
toughening, toughening by the generation of compressive surface Stress, Toughening
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Figure 2.11: Toughening mechamsms [20, 33, 62, 92]
2.6.1.1 Toughening by crackpropagation
Localized residual stress fields are generated during any type of phase transformation
involving volume change or due to thermal expansion mismatch between the two
phases or arising from the fracture of a second phase. This residual stress field can
deflect the main propagating crack thereby causing toughening of the composite. This
deflection toughens by increasing the net resistance GC=R where Gc is the
experimental mechanical energy release rate with theoretical surface energy of 2yp
and R is the net crack resistance [21]. The extent of toughening depends on the
reduction in the force on the deflected portion of the propagating crack. However, for
crack deflection involving second phases particulates, the extent of deflection and
thereby the toughness increment is dependent on the volume fraction of second phase
particles, its morphology and aspect ratio.
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Crack deflection has been shown to improve toughness by increasing the overall
energy needed for crack advance to two ways [20-22, 74, 90]. First, energy is
consumed in creating extra fracture surfaces upon crack deflection. Second, the
effective stress at the crack or notch tip is decreased for a deflected crack compared to
a straight crack under the same far field loading conditions.
Crack interaction occurs when there are obstacles in the crack path which act to
change the stress distribution at the crack tip and thus change the direction of crack
propagation. Crack deflection is the major cause for a propagating crack to bypass
particles and is frequently assisted by the local areas in a ceramic that have a lower
resistance to crack propagation, such as grain boundaries. Thus a crack advancing in a
particulate reinforced composite will tend to follow the grain boundaries and result in
tilted fracture surface.
When the crack is tilted, its stress intensity factor is reduced and speed is
decreased. Faber and Evans [93, 94] were among the first who developed expressions
for the contribution of crack deflection to the toughening of ceramic materials. Their
analysis can be calculated from the expression (Equation 2. 8).
<£>_







[(K^2 + (K2)2] d0 +
Where (G) and Ge are strain energy release rate of tilted and flat crack respectively
In addition to lowering the stress intensity factor, there is an increase in toughness due
to an increase in surface area of the crack.
2.6.1.2 Crack shielding mechanism
There are two kinds of crack shielding mechanism. One is based on the process zone
formed in the wake of crack propagation and the other is based on martensitic phase
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transformation in ZrC>2. These mechanisms are governed by a critical stress for the
onset of nonlinearity in elements near the crack and by the associatedstress-free [95].
In some microstructures, it is possible for a large number of small secondary
cracks to be formed near the primary crack as the result of the high local stress around
the crack tip. Microcracks occur within the regions of local residual tension, caused
by thermal expansionmismatch and /or by transformation. The crack shielding can be
separated into dilation contribution due to a permanent strain caused by microcracks
and modulus contribution due to a decrease in elastic modulus. The dilation
contribution depends on process zone size and shape and a steady-state toughening
can be estimated by [95]:
AKC = OAEEyJa^ (2.9)
Where E is the young's modulus, sy is the misfit strain by microckracks, anda)a is the
process zone size.
The modulus contribution dependsonly on process zone shape and can be estimated
by [95],
^-v)^=(KI-f)(l-l)+(K2-9 +H-v) (2.10)
G, G, v, v are shear moduli and poisson's ratio of cracked and microcracked bodies,
respectively. The parameters K! , K2 depend on the material properties.
Equation 2.9 predicts that increase in toughness is directly related to level of strain
by thermal contraction or phase transformation of particles distributed in the matrix,
and the size of the process zone. In turn, the size of the process zone is controlled by




Transformation toughening has been investigated in ceramics containing zirconia
as a second phase. It relies on the transformationof zirconia from the tetragonal to the
monoclinic phase and applied stress [5-7, 11, 20-22, 40, 89, 90]. This transformation
occurs in the stress field around the crack tip in Figure 2.12 (a), and the resultant
strain involved in the transformation locally relieves the stress field and absorbs
fracture energy. Figure 2.12 (b) shows the resultant zone of transformed particles left
in crack wake. This toughening mechanism is directly affected by the stability of
tetragonal phase of the zirconia. The phase can be made stable through the addition of
small amoimts of dopants such as yitra and is also dependent on the grain size of
zirconia phase and the testing temperature. This metastability of the tetragonal phase
is key because one wants to create the largest transformation zone possible to expand
the most fracture energy.
Figure 2.12: Transformation toughening through the addition of a second phase.
Region (a) indicates the process zone around the crack tip in which second phase
particle undergo dilation transformation and region (b) the resultant zone of
transformed particles left in the crack wake [90].
The basic idea behind the development of any transformation toughened ceramics
is the retention of t-ZrC>2 in a metastable state and to ensure that this t-ZrCh undergo
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stress induced t—»m Zr02 transformation in the stress field of an advancing crack tip
at stress level not exceeding the material fracture strength. Thus this transformation
acts as a crack shielding mechanism. These prerequisites are met through composition
control, use of stabilizer for Zr02 (which shifts the critical particle size for t-Zr02
retention to higher value) as well as by controlling mertensite (Ms) temperature closer
to room temperature (this helps to prevent spontaneous t—•m Zr02 transformation
during cooling from the sintering temperature. For a single or a multiphase brittle
ceramic material/composite, [7, 12, 14, 15, 20, 21, 23, 33, 41, 62, 88, 90, 96, 97] the
fracture toughness is given by:
Kic^Ko+AKc (2.11)
Where, Ko is the matrix toughness and AKc is the contribution to the toughness from
various crack shielding mechanism .
In the case of zirconia dispersed ceramics (ZDC), the stress induced t—»m Zr02
transformation may increase the toughness through a change in the transformation
zone shape. The volume change (4-6%) and the strain energy associated with the
above transformation generate a compressive strain field around the crack tip which
acts to stop or retard the crack tip propagation. Further increase in toughness can be
realized from the microcracking associated with the t—»m Zr02 transformation, the
associated strain energy and the crack deflection by microcracks [98, 99].
In most of the transformation toughed ceramics, strength is inversely related to
toughness. Swain et al. [92, 100] observed that for achieving toughness > 8 MPam1/2,
the strength need to be sacrificed. It was noted that for Kic < 8 MPaVm, the strength
value is flaw controlled while for Kic > 8 MPam172, it is controlled by the extent of
transformation toughening.
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2.6.1.2.2 Microcracking induced toughening
Microcrack accounts for improved toughness in two ways. The first and major
contribution comes in the form of a dilatational effect in the crack wakes. The
opening of microcracks results in volumetric expansion in the crack wake which tends
to deter crack opening. The crack is pinned or closed due to the volumetric
expenasion caused by dilational strains open microcrack in the crack wake. The
second effect arises from microcrack ahead of crack tip. These cracks effectively
reduce modulus of the material locally at the crack tip. Cracks act as pseudo process
zone, giving the region the near the crack tip a certain degree of plasticity thereby
making the material more complaint locally and less likely to fail in the brittle
fashion. It has also been noted that the effect of the latter contribution must be
balanced with the possible degradation caused by the cracks. Typically microcrack
form at grain boundary junctions or triple points and occur within the regions of
residual tension caused by thermal expansion mismatches or by phase transformation
around an advancing crack and they will be found in a frontal zone ahead of the crack
as well as in the wake of the cracks once the crack propagates through the initial
frontal zone. Micracracks are usually on the size scale of the microstructural grain
size [101].
2.6.1.2.3 Toughening by the generation ofcompressive surface stress
The compressive strains are generated during the volume expansion and shear strain
developed during controlled t—»m ZrCh transformation [62]. The presence of these
surface compressive stress (500 to 1000 MPa and concentrated in a depth of about 20
um) acts to toughen and strengthen the ZTA ceramics because the crack has to
overcome these compressive stresses before it can propagate. The compressive stress




In this mechanism, the toughening is from bridging of the crack surfaces behind
the crack tip by a strong reinforcement phase. By providing some partial support of
the applied support of the applied load, the bridging constituent reduces the crack tip
stress intensity. Several mechanisms involving bridging of micro-crack tip have been
identified as playing as important role in toughening. It has been shown that
uncracked grains has been bridging in large grain such as single phase alumina [21,
22, 25, 62, 73, 84, 86, 101]. The bridging grains were observed to survive far back as
one hundred grain diameters beside the tip. It was hypothesized that local stress are
the protecting mechamsms as the stress intensity at the tip of the crack is very sever to
survive. Although bridging mechanism is most of the time applied to fiber reinforced
ceramic composites, bridging particles is also observed in the wake of crack tips in
monolithic ceramics. Figure 2.13 shows the mechanism for forming bridging in the
wake of a crack.
Figure 2.13: Mechanism for forming particle in bridging particles in the wake of a
crack [101].
2.7 High temperature properties of ceramic composites
Ceramic composite materials are mainly designed for the application of high
temperature working conditions. There is a growing demand of ceramic materials for
high temperature structural applications mainly due to their high melting point and
good mechanical strength at high temperature. However, their application is limited
due to catastrophic failure of these materials when subjected to sudden change of
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temperature (thermal shock) or repetitive cycling of temperatures (thermal fatigue). In
a thermal shock experiment, when the change in temperature exceeds critical
temperature difference (ATC) of the material, the tensile stress generated in the
material due to temperature gradient exceeds its actual tensile strength resulting in
failure of the material [68, 88, 105, 106].
Thermal shock resistance is one of the important parameters of ceramic
composites since it determines their performance in many applications, from ceramic
manufacturing to oil refractory, thermal insulation, nuclear power, chemical and
petrochemical Industries.
Thermal shock is the thermal stresses that occur in a component as a result of
exposure to a temperature difference between the surface and interior or between
various regions of the component, ine classic tiieory on tue uiermai suock resistance
of brittle ceramics is established by Hasselman [107] including critical stress fracture
theory and thermal shock damage theory. In the theories, some parameters of the
thermal shock resistance are introduced to evaluate resistance of crack initiation and
propagation or strength degradation after a severe thermal shock. It is well known that
the fracture strength is one of the most important factors to improve the thermal shock
resistance of ceramics [58, 88, 107, 108]. On the other way, to further improve the
thermal application of ceramic composite materials, a number of researches have
been done by inclusion of a covalent bonding Si-based ceramics such as silicon
carbide and silicon nitride as they have low thermal expansion coefficient and high
thermal conductivity [58, 107].
The thermal stress induced typically occurs at the surface during cooling as per
Equation. 2.11 and this is applicable for most shapes such as long cylinder (solid or
hollow), a sphere (solid or hollow) and flat slabs.
°th =-^7 (2-12)
Where ath is the thermal stress, E the elastic modulus, a the coefficient of thermal
expansion, v poison's ratio, and AT the temperature difference.
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The equation 2.11 also indicates that the thermal stress resistance increases as the
elastic modulus and thermal expansion coefficient of the material increases and at the
imposed AT in the material can be decreased by configuration modification and
possibly by modification of the heat transfer conditions.
Summary
As the most important oxide ceramic materials for structural application, an extensive
review of the microsructural and mechanical properties of alumina, silica and zirconia
and the combination of them have been well reviewed. In powder processing, purity,
particle size distribution, reactivity, polymorphic form, and availability of the powder
components has to be considered. Besides that, the densification process and the
further sintering process have to be well understood in terms of analytical models,
empirical or phenomenological equations, and statistical and numerical techniques so
that we will have a controlled output of the composite.
The review comprehensively discussed the possible combinations of the oxide
ceramics (alumina, silica, zirconia and mullite) that mechanical properties were
improved in the binary system. There were also ternary systems some researchers
worked on to understand the interaction of the ASZ composite. However, we can
deduce from the discussion that the effect of three component system on the
improvement in the mechanical properties was over looked. More importantly,
toughening mechanisms such as particle dispersion toughening, crack deflection and
crack shielding mechanisms (Transformation toughening, micro cracking induced
toughening and toughening by the generation of compressive Surface Stress) were
well discussed.
It was stated that the fracture behavior of ceramic materials is essentially different
from that of metals. Fracture of ceramic materials is controlled by the direct effect of
microstructure on the crack tip. Crack tips in ceramic materials are atomically sharp
and crack motion occurs only when the atomic bonds at the crack tip have been
stretched to the breaking point. Because of this, fracture toughness is achieved by
modifying the microstructure of the solid to reduce stresses near the crack tip. This
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stress reduction is achieved by processes such as crack tip deflection or crack tip
shielding, which dominate the fracture behavior of ceramic materials. Control of these
processes offers the only real possibility of improving the toughness of ceramic
materials.
In addition to that, in the last two decade significant advancements have been
made in the understanding and development of toughening mechanisms in binary
ceramic composites. Unfortunately, many of the system have been affected by the
early degradation in the thermal properties. Therefore, the review directs to the
development of three (ternary) components systems which are high temperature
resistant, thermal shock and high toughening as well.
Finally, the heat resistant properties and the factors which affect the ceramic
composites were discussed. Thermal shock resistance refers to a material's ability to
withstand rapid changes in temperature. Mullite is heat tolerant material, which
displays superior resistance to thermal shock, is expected to improve the thermal





This chapter explains the methodologies and specific procedures used to investigate
the objectives set by the research. Several experiments, characterization and analytical
works have been carried out in a systematic way. The chapter is divided into two main
sections. The general steps followed are discussed in the methodology section where
the steps would be outlined in detail. In the second section, the detail of the sample
preparation and characterization is presented. In this discussion the material used,
techniques and equipments utilized are explained. Procedure and settings as well as
the considerations in executing the experiments are also presented.
3.2 Methodology
The research work investigated a systematic development of ASZ composite and its
microstructure, phase evolution, room temperature mechanical properties, thermal
shock behaviour in high temperature application and the toughening mechanisms.
Several ceramic composites of different composition of alumina, silica and zirconia
have been prepared and investigated. All the sample materials were prepared in the
similar method, i.e. ball milling, drying, pressing followed by sintering at the
appropriate temperature. The overall methodology, typical procedures, materials used
and the equipments used are explained in this chapter.
Figure 3.1 shows the research methodology mapping in which the flow and the
activities listed in a systematic way. On the start of the process, the particle size and
shape analysis of the starting powders has been done to justify and predict the
property of the mix and compacted samples. An iterative optimization process was
done to determinethe appropriate pressure needed for the cold uniaxial compaction of
the mix powders. An arbitrary mix was taken 80% wt A1203, 10% wt Si02 and 10%
wt Zr02 for an equal amount of the reinforcement to determine the appropriate
pressure. Five samples were prepared for each compaction pressure and then the
average green density was taken as a result. The consecutive compaction pressure
range applied was 150, 180, 200, 250, 300, 350, 400, 450, 500, 550, and 600 MPa.
To determine the optimum mix, twelve samples shown in Table 3.2 with different
proportion of eachcomponent. At a sintering temperature of 1650°C, eachsample was
sintered and measured for density. This process was repeated for five times and the
result with highest density from each component composition was taken as the
optimum mix for further study.
In order to identify the optimum sintering temperature used in the experiment, a
successive temperature ranges (950, 1000, 1050, 1100, 1150, 1200, 1250, 1350, 1400,
1450, 1500, 1550 1600 and 1650°C) were used and the produced samples were
characterized for density, crystallinity and hardness. The temperature at which
optimum results in terms of the parameters mentioned above is used as the sintering
temperature for further experiments. After setting the appropriate compaction
pressure, component mix and sintering temperatures, samples of standard size were
produced and different analytical and characterization parameters were measured to
understand the behaviour of the compositesproduced.
In order to achieve a cohesive and structurally integrated shape, a loose ceramic
powder must be compacted before sintering. Although a number of other processing
techniques are also being developed, die compaction will continue to be a widely used
means of material manufacture simply because of its economy in large-scale
production. In this research, uniaxial compaction methods have been used. The
standard sample size has been prepared according the die manufactured in the
laboratory.
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Powder preparation and analysis
(A1203, Si02,Zr02)
Silica sand(Si02) production hy Dry Ball milling
Particle size analysis
Microstructure of the particles using SEM
Ball Milling (Alloying)
Uniaxial Compaction
• Compaction pressure Optimization ( 150-600 MPa)





Preparing 12 compaction Mix
• Properties with increase in Silica composition





A1203 + 10SiO2 + 20ZrO2
Sintering temperature
Pressureless sintering (900-1650 °C)
1450 °C
Characterizing and Testing
• Effect of SiOa andZrOain the densification of the composite




v Strain energy rate
Thermal analysis: Dilatometry analysis for the composite, Thermal shock resistance
"f Shrinkage rate( coefficient of thermal expansion)
» Thermal shock resistant
*
Results and Analysis
• Comparing the results between the monolithic alumina, AZ and ASZ composite systems
produced through the pressureless sintering..
• Study and analyze the mechamcal properties and toughening mechanisms leading to improved
composite
Figure 3.1: Research methodology adapted in this research
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After sintering, the composites were investigated for different mechamcal and
physical properties. Effects of Si02 and Zr02 in the densification of the composites
system were investigated. Mechanical properties (fracture toughness, flexural
strength, modulus of elasticity and strain energy rate) were measured and compared
among the monolithic, binary and ternary composites produced. Finally the
application of the composites produced in high temperature was evaluated by
exposing the samples in a high temperature gradient so that the resistance to thermal
shock was studied.
3.3 Sample preparation and material characterization
The selection of materials and processing routes are key decisions which must be
made wisely in order to achieve dense structurally sound ceramics or ceramic
compounds. Unwise material preparation may lead to excessive porosity, material
inhomogeneity, and cracking. An optimal relationship for the distribution of fine
particles in the selected alumina-zirconia-silica compositions and an established
pressureless sintering route were used.
3.3.1 Sample preparation
Powder preparation
In this research, the commercially available micro size AI2O3 (90 um) and zirconia
(Zr02) (17 um) both from Merck KGaA Germany starting powders, as well as Si02
(6.6 um) were used. The Si02 ceramic was produced in the laboratory by the dry
milling process from locally found silica sand around Tronoh, Perak, Malaysia.
Mullite has a composition of 3Al203.2Si02 and formed from the reaction between
alumina and silica during sintering. X-ray fluorescence was used to analyze the purity
of each component powder as shown in Table 3.1.
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Table 3.1: composition of alumina, silica and zirconia used in the study
Purity (wt.%.) Impurities (wt.%.)
CaO P2O5 Fe203 Ga203
A1203 98.79 0.156 1.04
- 0.008
Si02 94.75 2.01 2.35 0.90
-
Zr02 98.74 0.558 0.688 0.0289
-
Powder particle size analysis was done in a Malvern™ Mastersizer equipment
operated between the size range of 0.02 - 3000 um. The apparatus has a stirring
mechamsm so that possible agglomeration can be avoided. Multiple recursive trials
were made with each batch to account for the statistical size discrepancies of
irregularly shaped particles and the last trial was accepted as the final data.
The ceramic oxides used and the composition to prepare the samples are given in
Table 3.2 and Table 3.3. The range of weight percentages (wt.%) of the constituent
oxides was benchmarked based on previous works when each element used for
reinforcing purposes of other ceramic oxide composites [67, 109-111]. Ceramic
composite samples ranging from zero to 25 weight percentage of S1O2 and from zero
to 30 weight percentage of ZrC>2 was used as reinforcements. In order to prepare the
composite mixtures, the constituent powders were weighed in a precision balance
(Mettler Teldo, Switzerland) as shown in Figure 3.2 in various proportions and mixed
thoroughly. Wet ball Milling (US stoneware, 764AVU) equipment was used for the
mixing as well as alloying and further crushing the mixture as shown in Figure 3.3. In
preparing the mix, it was ensured that the powder mix was evenly distributed. This
was achieved through the use of a dispersant (alcohol) which helped in avoiding
agglomeration. Polyvinyl alcohol (PVA) was used as a binding agent and
Polyethylene glycol as a plasticizer in the preparation.
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Table 3.2: Composition of the powder mixof the composite samples used in the study
Sample Composition (wt %)
A1203 Si02 Zr02
Si 90 10 0
s2 85 10 5
S3 80 10 10
s4 75 10 15
s5 70 10 20
s6 65 10 25
S7 90 0 10
s8 85 5 10
s9 80 10 10
S10 75 15 10
Sn 70 20 10
S12 65 25 10
Table 3.3: The compositionof samples showing the varying concentration of Zr02 to
study the effect of zirconia concentration




1 2.5 7 17.5
2 5 8 20
3 7.5 9 22.5
4 10 10 . 25
5 12.5 11 30
6 15
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Figure 3.2: weighing precision balance
Figure 3.3: Ball Mill (US STONEWARE, 764 AVM)
Powder compaction
The ball milled powders were then dried and sieved to a particle size < 63 ^um.
The prepared powder mix were then filled in a standard rectangular ( 4x6x35 mm)
and circular die cavities (with 13.4 mm internal diameter ) and were cold pressed




Figure 3.4: Hydraulic Autopallet Press Machine
applied pressure of 600 MPa. The green compacted samples were prepared and
measured for density.
Sintering
The pallets or cold compacted samples were reaction sintered in an electrical
temperature - controlled tube furnace ( heated by graphite elements shown in Figure
3.5 with a heating rate of 10°C/min to 600°C, held it at this temperature for 15
minutes to remove the binder constituent. It was then heated at the same rate to 900
°C, held again for 25 min for chemical homogenizing. At same rate the temperature
was increased up to 1650°C andthen soaking it isothermally for 4 hours. Finally, with
a cooling rate of 20°C/min, the temperature dropped to room temperature. Figure 3.6
shows the sintering schedule of the process.
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Figure 3.6: Sintering schedule for the composite preparation
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3.3.2 Characterization and Testing
The samples were smoothly ground and polished using a SiC paste and cleaned.
The phase composition and crystalline properties of the samples were studied by XRD
(Brucker AXS D8 diffractometer) using Ni-filtered Cu Ka radiation and the
microstructure features and fragmented surfaces of the composite were observed by
Field emission scanning electron microscopy (FESEM) (Ziess Supra 55 VP) with
simultaneous chemical analysis by energy dispersive spectroscopy (EDS).
The densities of the bulk sintered samples were measured by Archimedes water
immersion method, while their hardness was obtained under a 1000 g load for 15
seconds by using micro Vicker's Indentation. Vickers hardness (Hv) was determined
from a minimum of 10 indents.
The flexural strength was measured using three point bending method on a
universal testing machine, while Indentation Fracture (IF) method was used to
determine the fracture toughness of the composite. For the flexural strength, a
rectangular bar of 4 x6 x 45 mm was produced for the material system. It was placed
on support 25 mm apart and the test was conducted at a crosshead speed of 0.5
mm/min by means of a universal testing machine (Instron Modell 185, Instron, USA).
The load applied to the test specimen and the corresponding deflections were
measured at the point of fracture.
In the following subsections the details of the characterizing equipments and
procedures used will be elaborated in detail.
3.3.2.1 Density measurement
The densities of sintered samples were measured by Archimedes density principle in
distilled water. Before testing, the sample was completely dried and then weighed in
air (A). Then the sample was soaked in water to weigh its wet weight (B). Little oil
was added to the water to remove the attached air bubbles from the surface of the
sample. After the sample was soaked in the distilled water, it took minutes until the
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weight becomes stable, and then the wet weight was recorded. The density of the
sample (psampie) was calculated using the Equation 3.1
Psamvle=^\.P°-pl'\+Pl (3.1)
Where psampie is the density of the solid
A-Weight of the sample in air
B-Weight of the sample in auxiliary liquid
Po-Density of the auxiliary liquid ( water)
Pi-Air density (0.0012 g/cm3)
The densification of the sample is calculated using the equation 3.2.
Densification = psampie / ptheory (3.2)
Where ptheory is the theoretical density which can be calculated using the rule of
mixtures in Equation 3.3
Ptheory = Pi • V)% + p2 • V2 % + p3 . V3% (3.3)
Where pi is density of the I phase and Vi is the volume percent of the I phase.
3.3.2.2 Hardness Measurement
In this current work, to measure the hardness and fracture toughness of the sintered
ceramic composite, a micro hardness test was used for indentation. The load to be
tested was well polished and finished with 1200 grit paper until there is no scratch on
the surface when observed under optical microscopy.
The hardness measurement was obtained under a lOOOg load for 15 seconds by
using Vicker's Indentation. Vickers hardness (Hv) was determined from a minimum
of 10 indents and then it was calculated using Equation 3.4 [35]. The diagonal of the





Where p = Load in kgf
D ~ Arithmetic mean of the two diagonals, dl and d2 in mm
Figure 3.7: Schematic crack generated by Vicker's Indenter.
(3.4)
3.3.2.3 Fracture Toughness Measurement
Fracture toughness measurement was performed by first making an indentation on
the samples and then using the Indentation Fracture (IF) method [4], involving
calculation of Kic from measured crack lengths emanating from corners of indent
diagonals. Kic calculations are based on relations proposed by various models [112,
113]. In this work however, fracture toughness for the samples was calculated using







where P is the load in Newtons, C0=( - + 1from Figure 3.7 ) is the crack length from
the center of the indent to the crack tip in meters, E is the Young's modulus in GPa
and H is the Vicker's hardness in GPa.
3.3.2.4 Flexural Strength Measurement
The flexural strength was measured using three point bending method on a
universal testing machine, while Indentation Fracture (IF) method was used to
determine the fracture toughness of the composite. For the flexural strength, a
rectangular bar of 4 x6 x 45 mm was produced for the material system. It was placed
on support 25 mm apart and the test was conducted at a crosshead speed of 0.5
rrmi/min by means of a universal testing machine(Instron Modelll85, Instron, USA)
shown in Figure 3.8. The load applied to the test specimen and the corresponding
deflections were measured at the point of fracture. The three point bend stress was




Where: Stress in (MPa)
L= distance between supports (mm);
p- load (N);
W= width of specimen bar (mm);
T= thickness of specimen bar (mm)
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Figure 3.8: Experimental setup for the flexural strength of the sintered samples
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3.3.2.5 X-Ray Floresence analysis (XRF)
To determine the major and trace elements of each powder, the XRF analysis was
used. By this analysis, it was possible to know the detail information on chemical
composition of the alumina, silica sand and zirconia powders. The principle and
analysis of the major elements is dependent by the behavior of the atoms when they
interact with the radiation.
3.3.2.6 FESEM Characterization
FESEM was used primarily to identify the phases present and determine the mean
grain size. Specimens for analysis were ground flat and polished using 1 um diamond
paste. It was also used to analyze the elements (aluminum, zirconia and silica) level at
a point using the EDS system which detects X-rays emitted from the sample as a
result of the high-energy electron beam penetrating into the sample. X-ray spectra can
be collected and analyzed, yielding quantitative elemental information about the
sample produced. A "standardless" routine is utilized, which yields an accuracy of 1-
2% and sensitivities for some elements down to 0.1 weight percent. Lines cans and x-
ray maps can also be generated. The FESEM (Ziess Supra 55 VP) used for this
research is as follows shown in Figure 3.9.
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Figure 3.9: FESEM used for the research
5.3.2.7 Atomic Force Microscope (AFM)
The grain sizes of the sintered samples were measured using the Atomic Force
Microscope (AFM) shown in Figure 3.10. It was developed to image almost any type
of surface, including polymers, ceramics, composites and glass samples. It can image
conducting or semiconducting surfaces. AFM or scanning force microscopy (SFM) is
a very high-resolution type of scanning probe microscopy, with demonstrated
resolution on the order of fractions of a nanometre, more than 1000 times better than
the optical diffraction limit. We used a laser beam deflection system, introduced by
Meyer and Amer, where a laser is reflected from the back of the reflective AFM lever
and onto a position-sensitive detector. AFM tips and cantilevers are microfabricated
from Si or S13N4.
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Figure 3.10:AFM (SII Nano Technology Unit, Nano Navi ( e-sweep)) used for the
research
3.3.2.8 XRD Characterization oftheSintered sample
As a means of identifying sintering reactions X-ray diffraction (XRD) as shown in
Figure 3.11 was used to identify crystalline phases that formed during and at the end
of the sintering process. Samples were analyzed with grains in random orientations to
insure that all crystallographic directions are "sampled" by the beam. Whenthe Bragg
conditions for constructive interference are obtained, a "reflection" is produced, and
the relative peak height is generally proportional to the number of grains in a
preferred orientation. The analysis is performed by comparing the diffraction pattern
collected from an unknown sample with the diffraction patterns of known compounds.
The experimental patterns were compared with the diffraction scans of pure
compounds maintained in the ICDD Powder Diffraction File (PDF). Data reduction
and S/M analysiswas performed using the ANOVA software package. All scans were
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smoothed, theta corrected, and the background was removed, the results of
Search/Match analyses are shown below each plot as a set of stick lines from the PDF.
Analyses were carried out on a standard Philips diffractometer operating at 30 mA
at 40 kV using CuKa radiation. The scanning speed was 0.5 degree per minute.
Samples were cut and surface ground and mounted using 'Blutac' adhesive.
Figure 3.11: XRD-Bruker AXS D8 Advance
3.3.2.9 Dilatometry Study
The alumina rode delatometer (Netzsch DIL 402) as shown in Figure 3.12 was used to
measure the changes in volume or length of the samples as a function of temperature
while the sample is subjected to a controlled sintering cycle. Dilatometer is a very
sensitive experimental tool to analyse the kinetics of solid state transformations
according to its dilation. The amount of expansion depends on the characteristics of
the material. The curve generated is a function of dimension against temperature [48,
115].
The dilatometric study allowed us to study the following properties:
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• Thermal expansion and coefficient of thermal expansion was determined to
understand the rate at which a material expands as a function of temperature.
• Sintering temperature and shrinkage behavior:
The test sample was heated in a furnace and displacements of the ends of the
specimen were transmitted to a sensor by means of push rods to determine the linear
displacement as a function of temperature.
flW* 1*1**. i
Figure 3.12: Dilatometer in horizontal configuration used in the study (SIRIM Berhad
Malaysia)
3.3.2.10 Thermal Shock Resistance
The thermal shock resistance of the sintered test sample is the resistance to crack
initiation or propagation under thermal stress when subjected to a rapidly cooling
down from high temperature to low temperature. Standard test (ASTM C1171) [116]
method for quantitative measurement of the effect of thermal shock on refractories
was applied.
65
The strength was measured by the difference in the modulus of rapture (MOR)
between uncycled specimens and the specimen subjected to thermal cycling.
The reduction in structural continuity was measured by the difference in the
mechanical property before and after thermal cycling.
Recommended furnace temperature for thermal cycling : 95 °C
- Dryer of 105°C, for 30 min.
Soaking quenching temperature: 25°C for 30 seconds.
The thermal shock resistance of composites was evaluated by water quenching
technique as shown in Figure 3.13. Therefore, to study the effect of number of cycles
for failure, the experiment was done by heating the samples at 5°C /min up to a
temperature of 950°C with a soaking time of 30 min at the temperature and followed
by rapid cooling in quenching water till the samples attained room temperature. To
investigate the effect of thermal shock on the cracking behaviour of the sample,
thermal shock resistance tests were performed on the samples. A microstructural
study was done to investigate the effect of thermal cycling on the monolithic alumina,
A20Z and A10S20Z composites.
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Three paint bending icst
I Dryer of 105"C
Figure 3.13: Thermal shock resistance test using water quenching method
In order to study the critical temperature change of the composite sample, a
thermal shock experiments were performed in a box furnace (in air). Specimens were
inserted into the preheated furnace and were held there for 30 min before quenching
by dropping into a bath of water (25°C). Tests were carried out at temperature
differences, T, between 250 and 650°C. The flexural strength at room temperature
was measured by a universal testing machine (MTS tester) at each soaking
temperature using a three point bending method. The span length and cross-head
speed were 25 mm and 0.1 mm/min respectively. The hardness and the fracture
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toughness were measured on a Hy hardness tester by vickers indentation technique
with a load of lkgf. The reported values were the mean of 5 samples.
Summary
In this chapter the methodology used to implement the experiments in the research
was discussed. Experimental investigations and observations were undertaken at each
stage, starting from powder processing to the process of developing the ASZ
composites. The procedures used in executing the experiment have been clearly
discussed and the equipments used were described. From the starting, the material
preparation and study of the particle was carried out to predict the property of
compaction and sintering process. Density, hardness and mechamcal properties such
us flexural strength and fracture toughness measurement tests were undertaken for the
composite developed. Microstructure and phase change analysis using FESEM, XRD
and dilatometry was carried out during the composite development. Finally, ASTM
standard water quenching experiment was carried out to investigate the thermal shock





This chapter discussed the overall results of the experimental works. The formation of
ASZ ceramic composite by pressureless sintering route is discussed. Reactions that
may occur during sintering are suggested and parameters that affect the resulting
density are discussed including the mechanical properties.
In the first section of the chapter, the results on the particle shape and size analysis
was discussed. Based on the results from the FESEM and XRD, a prediction of the
resulting material was discussed. Similarly, an optimization process for the
compaction pressure and composition of the tri-component composite was done. In
the same section, microstructure, compositional and mechanical properties were
studied.
In the second section of the chapter, a dilatometry study was done to measure the
shrinkage behaviour and thermo physical changes during the process of pressureless
sintering. This would help to understand the process parameters such as sintering
temperature used.
In the third section of the chapter, comparisons of the mechanical properties of the
monolithic alumina, alumina-zirconia and alumina-silica-zirocnia composites is
proceeded to understand the improvements and some trends in the properties. The
Fracture behaviour and toughening mechanisms were also studied for each of the
composite.
In the final section of chapter, the materials were investigated for the resistance to
thermal shock resistance working for high temperature application. The study was
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also focusing on the effect of cyclic temperature and critical temperatures in the
mechamcal properties like fractural toughness and flexural strength. Finally a
conclusion and remarks were done for the outcome of the results.
4.2 Pressureless Sintering and Characterization of Al203-Si02~Zr02 composite
system
It is not only the number of components in a system that affect the properties of the
composite, processing method also does. As it was explained about the different
ceramic powder processing, there are many processing route methods to produce a
ternary oxide ceramic such as reaction sintering, hot press sintering technique, hot
isostatic press technique, sol-jel technique, colloidal processing technique and laser
zone remelting [3, 4, 18, 117]. However, owing to raw material availability and
production related costs, the most common routes are reaction sintering and solid-
state reaction between oxides and hence, controlling the final microstructure would be
a determinant factor in limiting the severity of critical defects for it has to adjust the
phase transformations and microcracking.
The application of oxide systems of ASZ have been mainly used as a refractory
material. This study aimed to investigate the role of Si02 and Zr02 in the
densification, hardness and microstructure for further study in its application as a
structural material. A conventional powder processing route with a pressureless
sintering is used to investigate the sintering behavior of the ternary oxides. Different
composition of the component elements were taken to obtain some of the needed
experimental data and provide further insight into the powder processing,
densification and characteristics of the developed composite. Specifically, this section
investigates how the starting component composition affect the phase and chemical
composition of the sintered product and hence the density, hardness and
microstructure. Material characterization techniques such as SEM observation and
XRD analysis were performed to identify the morphology and crystal structure.
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4.2.1 Powder characterization
Particle size and distribution of fine ceramic powders are the primary physical
parameters that have considerable impact on the properties of unsintered (green
compact) and fully dense ceramic components. The particle size distribution (PSD)
affects powder consolidation and densification steps during powder processing
through the packing density. Most often, the objective of these steps is to achieve a
maximum particle and uniformity of packing, so that a minimum shrinkage and
porosity are retained in the dense ceramic. One of the principal requirements in
ceramic powders processing is the knowledge of the agglomerates and the size
distribution of primary particles. Therefore, the measurement of PSD is needed for the
starting powders as well as during processing so that the desired properties and
microstructures can be achieved.
4.2.1.1 Particle Size Analysis
In order to analyze and tailor the composite microstructure, discrete particle
reinforcement is desired. By controlling the particle sizes and size ratio between the
matrix and inclusion phases, it is possible to obtain adequate sinter bonding in the
alumina-rich compositions and acceptable mechamcal properties. In this study, a
bigger particle was used for the dominant matrix phase and smaller particle for the
reinforcing inclusion phase.
The starting materials used are listed in Table 3.1. They were mixed in
appropriate amounts to produce a range of ceramics of known composition on
sintering. For each of the particle powder an XRF test was made to study the purity of
the powder as well as to predict the final properties.
To achieve submicron particle size the mixture was ball milled in isopropyl
alcohol using high purity zirconia balls (i. e. wet ball milling) for six hours. This had
previously been found to be sufficient to produce a thoroughly mixed submicron grain
size powder [49]. Particle sizes were determined by particle size analyzer.
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As can be shown in Figures 4.1(a), 4.1(b) and 4.1(c), the ceramic powders used
have a Gaussian particle size distribution and they have an average particle size of 90,
6.6 and 17 um with an estimated specific surface area of 0.07, 2.1and .36 m2/g
respectively. Figure 3d shows that the average median particle size of the ball milled










Figure 4.1: Particle size distribution of (a) silica sand (b) alumina (c) zirconia (d) as-
milled Al203-Si02-Zr02composition
A broader particle size distribution also results in an enhanced degree of
variations in local particle packing, hence local differential densification, in the
compact. Beyond a certain particle size distribution, this could result in a coarser pore
structure in the sintering compact, which, in turn, would offset the beneficial effect on
sintering brought about by particle size distribution. The alumina and zirconia
particles distribution showed a narrow particle distribution which was important for
the composite development. However, the silica size particle distribution was wide,
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which may be because of the agglomerates inside the particles. To reduce the non
uniform size distribution a ball milling process was used for further homogenization.
Therefore, based on the distribution graphs shown in Figure 4.1, a less wide particle
distribution has been designed by mixing the three components to get a better
distributed mix as shown in Figure 4.3b.
4.2.1.2 Particle shape
Particle shape was also carried out by FESEM as shown in Figures 4.2(a), (b), (c) for
alumina, silica, and zirconia powders respectively.
From the FESEM micrographs shown in Figures 4.2 and 4.3, the powders were
investigated for the particle shape in order to predict the behavior of the packing
property. Particle shape influences sintering primarily through its effect on the
packing of the green body. Deviation from the spherical or equiaxial shape leads to a
reduction in the packing density and packing homogeneity, resulting in reduction of
densification. In Figures 4.2(a) and (c), it was observed that fine subrounded particles
with narrow particle-size distribution and limited aggregation were detected for the
powders alumina and zirconia respectively. In Figure 4.2 (b), the shape of the
particles is not uniform. There was an indication of aggregate or agglomerate, which
could cause difficulty in the packing of particles during compaction stage and
consequently in the densification during sintering. In order to avoid the non
uniformity of the shape and size distribution, mechanical alloying was implemented
using the ball milling process.
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Figure 4.2: FESEM micrograph of the initial powders (a) alumina (b) Silica (c)
zirconia
Figure 4.3 is FESEM micrograph of mixture of Al203, Si02, and ZK>2 particle
morphology. Figure 4.3(a) shows the micrograph of the non milled powder mixture
(heterogeneous) with the amount of Zr02 and Si02 particles that attached on the
surface of the alumina is very limited. In Figure 4.3(b), we can observe the ball milled
powder mixture (homogenous) particles morphology with high amount of Zr02 and
S1O2 particles attached on the surface of the alumina powders. It was also shown in
the non-milled powders the shape of the Si02 was irregular and the Zr02 was
agglomerate. The ball milling process and mechamcal alloying, produced
homogeneous particle morphology with the surface of finer Al203 powders and Al203
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Figure 4.3: FESEM micrograph of particles morphology appearance of Al203-Si02-
Zr02 (a)non milled powder mixture (heterogeneous) (b) milled powder (homogenous)
particles morphology
particles were fully covered with Zr02 and Si02. This microstructure was due to the
result of the wide particle size distribution which result in increased packing density
or finer particles fitted within the larger particles [49].
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4.2.1.3 Effect ofCompaction Pressure on the Green density
A powder having good compaction behavior gives a high density green compact and,
more importantly, a fine and homogenous porosity. This results in a high density
sintered body as already shown in many studies [55, 59, 118].
In this work, a room temperature compaction was conducted to investigate the
density trend of the compact with respect to pressure applied as shown in Figure 4.4.
An arbitrary composition 80, 10 and 10 %wt. of alumina, silica and zirconia
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Figure 4.4: Green densityof the powder plotted against compactionpressure
The general compaction trend showed a rapid increase in green density during the
initial stages of compaction pressure until 450 MPa. But a decrease in the green
density was observed with further increase in the applied pressure from 450 to 600
MPa. As it is shown in Fig. 4.4, the rapid increase in densification of the green
compact from 150 to 300 MPa was considered due to the granule (agglomerate)
rearrangement, deformation and fracture. The low densification rate in the pressure
ranges between 300-500 MPa was due to the particles and hard agglomerate fracture
which needs very high amount of pressure. The samples shown in Figure 4.5 were
observed to be fractured and cracked at the surface due to the high pressure which
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leads to decrease in density after the 500 MPa compaction pressure. This implies that
using more than the optimum compaction pressure to disintegrate the agglomerate
resulted in crushing a part of the agglomerates and stronger agglomerates were
unaffected.
Figure 4.5: Failures in compacted samples when the pressure is more than 500 MPa.
4.2.1.4 Effect ofZirconia on the Densification ofASZ composite
Pressureless sintering experiment with different proportion of the elemental
composition (Table 3.2) was carried out at 1650°C in tube furnace and the
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Figure 4.6: Densification trend withrespect to the zirconia composition
From Figure 4.6, it can be depicted that the densification trend of the composites
increasing up to sample 5, however, it started decreasing with the further increase of
zirconia content above 20 wt.%, indicating that the presence of high amount of
zirconia particles prohibits the densification of alumina matrix. It can be observed that
samples for more than 20 wt. % of zirconia tend to exhibit a comparatively lower
densification. The XRD plots and EDS for the corresponding composites revealed the
presence of considerable amount of monoclinic Zr02. This can be explained from the
fact that excessive transformation from tetragonal to monoclinic Zr02 during cooling
from sintering temperature might have resulted in microcracking due to the
constituent volume expansion, thus leading to lower densification. Microcracking
behaviour of the sintered samples will be explained in section 4.4.2.
4.2.1.5 EffectofSi02 on the Densification ofASZComposite
Figure 4.7 showed an increase in the densification of the ASZ composite until a
maximum amount of 10% by weight of silica. A drop in bulk density as the
concentration of silica was increased after 10% by weight was also observed from the
graph. The densification results showed that the amount of silica sand (Si02) addition
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is very critical. It is expected that the silica addition attributes an increase in grain
boundary coefficient due to the occurrence of secondary phase. This effect due to the
secondary silica phase could also result in a solid solution formation by substitution of
Al3+ by Si4+ in tetrahedral sites of the crystallographic structure [34] which may bethe
reason for the high densification of the stated concentrations of silica particle. On the
other hand, the decrease in density as the concentrations of silica increased more than
10% by weight of the composite can be explained by two factors: first, as a
consequence of increased porosity due to the excess amount of silica, and second, as a
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Figure 4.7: Densification trend with respect to the silica composition
4.2.2 Microstructure and Phase Composition of Sintered Samples
In this subsection, the microstructure, grain size and composition of the sintered
samples have been investigated at room temperature by scanning electron
microscopy, AFM and X-ray diffraction method. The effect of Zr02 reinforcement on
the mechanical properties of the composites was also calculated to determine the
optimum composition of the Zr02 particles.
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4.2.2.1 Microstructure ASZ composite
Figures 4.8 shows the FESEM images with EDS for the sintered A-10S-20Z at
1650°C. Microstructure of the composite was characterized by the presence of finer,
equiaxed Al203 matrix grains and elongated Zr02 reinforcements. The darker phase
was AI2O3 and the lighter was Zr02, as would be expected based on the atomic
weights, and as simplified by the EDS spectra of marked regions. It was also noted
that there was a mullite compound with a high concentration of alumina and silica in
the grain boundaries of the alumina matrix. The secondary phases appeared to be well
distributed in all samples, indicating good mixture homogeneity. The Figures 4.8 (a)
and (b) also show that all sintered composites have heterogeneous microstructure




Figure 4.8: FESEM microstructure examination of the sintered sample at different
magnification (a), low magnification (b). higher magnification
An attempt to measure the grain size was done by using the AFM. The images
produced were shown in Figure 4.9. Length from one end of the grain to another end
was taken as grain size. More than 50 grains were measured to estimate the average
grain size from each sample. According to the measurement, the average grain size of
the alumina ceramic was 0.8 /an, AZ grain size was 0.15 /mi and ASZ was 0.056 /jxa.
The grains of each phases in the binary and ternary composites were all equiaxed and
similar in size due to the ball milling resulted in mechanical alloying.
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Image Grainsize measurementi ur m
Figure 4.9: AFM micrograph ofthe ASZ"composite and grain size measurement
4.2.2.2 X-Ray Diffraction oftheASZ Composite
The XRD results in Figure 4.10 shows that almost all the sintered samples were
composed of A1203, Zr02, mulite and some impurities. It was considered that the
starting material Si02, and A1203, reacted to form mullite (obtained by the reaction
between alumina and silica) and other alumina and silica compounds during the
sintering process, as shown in the stoichiometric reaction equation below. The XRD
pattern shows intense sharp peaks indicating good crystallinity of ASZ based system
for all compositions studied. The synthesis reaction in the sintering process was
summarized as follows:






Figure 4.10: X-Ray diffraction pattern ofthe sintered A-10S-20Z sample
It is shown in Figure 4.10 that mullite and zirconia particles with sub-micrometer
in particle size are mainly located at grain boundaries, while finer ones were within
matrix grains, inferring that larger mullite and zirconia particles suppress grain
boundary movement of alumina matrix. There was a good densification in the
composites and a high level of bonding between grains and the matrix and this was
considered due to the combination of solid state reaction bonding and liquid phase
sintering mechanisms.
4.2.2.3 Effect ofSintering Temperature on the microstructuraldevelopment ofthe
ASZ Composite
Effect of sintering temperature on the phase change and crystallinity of the ASZ
composite was also investigated along the temperature gradient of 1000°C to 1650°C
The FESEM and XRD patterns of the sintered samples were analyzed and
summarized in Figures 4.11 and 4.12 respectively. From Figure 4.12, the sample was
almost amorphous until the temperature reaches 1000°C. When heated to more than
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1000°C, the samples begin to crystallize and t-Zr02 forms with a faint spinel-like
phase as shown in the FESEM microstructure. With the increase of temperature up to
1200°C the diffraction peaks of t-Zr02 and mullite are more evident and traces of
spinel crystalline phases were detected in the samples. The spinnel was due to the
MgO used as stabilizing agent for Zr02 in the sintering process. The main crystalline
phases are identified as Zr02, mullite and cristobalite. This shows that the reaction




Figure 4.11: FESEM micrograph of the sintered ASZ composite at (a). 1450°C (b).
1300°C (c). 1200°C (d). 1000°C
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Figure 4.12: X- ray Diffraction pattern of the ASZ sample sintered at different
temperatures
Figure 4.12 show the results of the X-ray diffraction analysis of the sintered A-
10S-20Z sample at different sintering temperatures. In this figure it can be observed
that the reaction of alumina and silica starts at 1300°C. At temperatures at and more
than 1450°C, it is observed that a sharp mullite picks appeared. A dense alumina
matrix with mullite and zircoma reinforcements with traces of amorphous silica and
magnesium oxide are dominants at the sintering temperature of 1450°C.
4.2.2.4 Effect ofZr02 on the Mechanical Properties ofthe sintered Samples
Based on the ceramic powder mix preparation in Table 3.3, the mechanical properties
of the Ai203-Si02-Zr02 composite with respect to the weight percentage of the Zr02
are shown in Figure 4.13. The results show the mechanical properties of the
composite system depend to a great extent on the compositions of zirconia. The
experimental results indicated that the increased weight percentage of Zr02, decreased
hardness slightly, while the fracture toughness and flexural strength increases
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gradually and started to decrease in some point which can be seen in Figure 4.13.
Consequently, the ASZ ceramic composite system can be determined with the
optimum combination of the three major indexes of mechanical properties. As a
result, the most toughened composite system from these experimental measurements
show that the A1-10S-20Z is the corresponding composite with the required property.
Detailed comparison of mechamcal propertiesof both the monolithic alumina , A-20Z




























Figure 4.13: Flexural strength and fracture toughness with respect the Zr02
composition
From Figures 4.13 and 4.14, hardness and fracture toughness were seen that both
values altered in opposite manner. Hardness of the composites dropped but fracture
toughness obviously improved. The Vickers hardness was determinedusing Equation
(1) and the calculated range value was from 12.77 GPa to 8.58 GPa, which shows a
decreasing value as shown in Figure 4.14. The addition of zirconia and silica in the
alumina caused a decrease of the hardness value. This effect can probably be
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Figure 4.14: Effect of Zr02 weight percentage on the micro hardness of the ASZ
sample
Summary
From the above results, the following conclusions were drawn out:
• This section was more focused on the optimizing of the operating parameters
(compaction pressure, sintering temperature and composition) so that we get
the good densification and mechanical properties. The results show that
hardness, fracture toughness and flexural strength of the composites are
dependent on the composition, compaction pressure and sintering temperature.
Systematically, the result show a composition of tri-component composite A-
10S-20Z (70% by weight of alumina, 10 % by weight of silica and 20 % by
weight of zircoia) will be taken for further mechanical properties
investigations. The effect of composition of each component on the hardness,
toughness and flexural strength may be associated with the complex residual
stress state that develops during cooling from the processing temperature due
to the thermal expansion mismatch among the constituent parts of the
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composite. The details of the mechanisms which result for such effects are
explained in section 4.4.
Al203 composites with mullite and Zr02 reinforcement was developed using
the pressureless sintering technique which is cost effective and most widely
used for consolidation.
Initial materials composition has an influence on the densification of the
ternary component composite material. The results show that with varying
Zr02 content, keeping the silica content constant and the alumina as a matrix,
the densification tends to decrease after the concentration of zirconia exceeds
20 wt. % of the composition.
Hardness value for the A-10S-20Zr was in the range of 12.77 - 8.58 GPa and
it shows a decreasing value as the wt % of the Zr02 reinforcement increase.
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4.3 Dilatometry Study of the ASZ Composite system
4.3.1 Overview
The possibility of using Si02 sand as additive for densification of Al203-Si02-Zr02
(ASZ) ceramic system was studied. Dilatometry was used to measure the shrinkage
behavior of ASZ green bodies under a nitrogen atmosphere from room temperature to
1550°C. The shrinkage started as low as 110°C, resulted in a significant reduction of
sintering temperature. It was also indicated that phase transformation occurred during
the sintering process had reduced the sintering temperature to 1450°C. Alumina,
zirconia and mullite phases were detected and confirmed by the XRD and SEM
results. Based on those results it can be concluded that Si02 is an effective additive in
lowering the sintering temperature of ASZ composites.
4.3.2 Shrinkage and the Phase change Study
The mechamcal properties of ceramic based composites for industrial applications are
related to the microstructure. Hence, the study of all the aspects that can modify the
microstructure of the ceramic composite during sintering is very crucial. Dilatometry
is one of the most powerful techniques for the study of solid-solid phase
transformations in ceramic sintering, because it permits the real time monitoring of
the evolution of transformations in terms of dimensional changes occurring in the
sample by application of a thermal cycle [48, 119].
Alumina based composites are relatively low cost, and the ceramic components
are manufactured with high output using various ceramic processing such as slip
casting, pressing, and injection molding without incorporating expensive equipment
such as kilns with special controlled atmosphere. However, the application of alumina
based ceramics is still limited due to high cost of additives and high sintering
temperatures [28, 29, 47, 120]. Therefore, there is a continuous searching for
production process of both low cost alumina starting powder and sintering additives,
which are equally inexpensive and enable low sintering temperatures.
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Silica sand is the most essential raw material as used by foundries for its thermal
resistance and availability. However, its usage in ceramic based composite
developments was over looked. The use of oxides such as MgO, CaO, and CrO as a
sintering aid is often reported to increase the densification kinetics and to limit the
grain growth in ceramic composites [6]. A first approach on the effect of silica
addition on the sintering of yttrium aluminum garnet doped by neodymium
(Nd:YAG) [30] which was investigated on the basis of microstructural
characterizations. However, no work has yet been done on dilatometric study of
Al203-Si02-Zr02 system to use silica as sintering aid. Thus, the purpose of this
section is to investigate the dilatometric behavior of a mixture of Al203-Zr02 with
Si02 addition and to understand the sintering phenomena in the system.
Dilatometric study of sintering process is very useful because it shows the length
change of green bodies during heat treatment while the curve shows different
phenomena. Figures 4.15, 4.16 and 4.17 show a dilatometric graph of monolithic
A1203, Al2O3+10wt.% Si02 and Al2O3+10 wt.% SiO2+10wt.% Zr02, respectively.
The curves depicted the shrinkage behavior of each of the different samples as the
function of temperature. Four samples were studied for the shrinkage behavior which
are specified as monolithic A1203, Al203+1 Owt.% Si02, Al203+10 wt.%
Si02+15wt.% Zr02 and Al2O3+10 wt.% SiO2+20wt.% Zr02
A representative dilatometric plot of the monolithic alumina is shown in Figure
4.15. Upon heating, change in length (AL) was the net result of two opposing
mechanisms of linear thermal expansion and pore closing. Up to ~1400°C (region I),
the composite expanded due to limited retraction rates characteristic to surface
diffusion. This time, the first necks could be observed. As the temperature increased,
grain boundary and volumetric diffusion became the dominant mechanisms, as
suggested by a significant change in the slope of the plot from region I to region II.
The thermal expansion was roughly counterbalanced by the retraction rate. Further
heating to around 1600°C was characterized not only by sintering but also
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Figure 4.15: Dilatometric plot of monolithic AI2O3
In Figure 4.16, as the addition of 10% wt silica to the Al203-Zr02 system, it was
observed that the rearrangement of the particles and creation of pores started at lower
temperature. The dilatometric behavior of the composite shows, starting from ambient
to approximately 880°C, a slight expansion was noticed and ruled by a mechanism
similar to that discussed for monolithic A1203. The slope of the dilatometric plot
changed in the range of 880-1200°C, corresponding to the onset of the contraction
process. The slope in region II of the plot can be explained by the formation and
growth of inter particle necking. Region III, between 1200°C and 1520°C, was
characterized by volumetric diffusion and phase transformation. Fast contraction as a
result of reaction sintering happened around 1400°C, resulting in rapid contraction.
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Figure 4.16: Dilatometric plot of sample 2 ( 10% wt. Si02)
The dilatometric plot corresponding to A1203 + 10% wt Si02 + 20% wt Zr02) is
illustrated in Figure 4.17. The shape of the curve indicated almost similar shrinkage
trend as Figure 4.16, even though a 10% wt Zr02 was added to it. There were also
other dilatometric plots produced with more percentage of zirconia but the shapes of
the profile results were similar with Figure 4.17. This implies that the effect of
zirconia on the densification of the system is minimal but the exact effect may need
further investigation to reach a concrete understanding.
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Figure 4.17: Dilatometric plot of sample 3 (10% wt Si02+ 10%wt. Zr62).
According to the phase diagram of liquidus curve of Al203-Zr02 in Figure 4.18,
the lowest eutectic temperature in the system is around 1870 °C [14]. However, the
overall liquid forming temperature is lower than the nominal eutectic temperature
because of the present of Si02 in the liquid phase. This confirms that the Al203-Si02-
Zr02 acted as a very good solvent for Si02, which is also a prerequisite for a good
sintering additive.
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Figure 4.18: Phase diagram for theAlumina- Zirconia system [73].
Due to the occurrence of liquid phase in the pressureless sintering process, it was
expected the formation of amorphous glassy phases after cooling. But the XRD
pattern in Figure 4.11 shows remarkable increase in the diffraction lines intensities,
which can be explained by the increasing of new crystalline phase called mullite. In
previous discussions, the sintering of Al2O3-10SiO2-20ZrO2 composite at different
temperatures indicates that no significant transformation takes place up to 1000°C.
When heated to more than 1000°C, the samples began to crystallize and Zr02 phase
started to form. With the increase of temperature up to 1200°C the diffraction peaks of
t-Zr02 and mullite are more evident. These observations agreed with the findings of
the dilatometry study discussed above in this section.
Figure 4.19 is the typical SEM image of the Al2O3-10SiO2-10ZrO2 composite
which shows the morphologies of zirconia and mullite particles within the alumina
matrix. The chemical composition analysis with EDS along the line perpendicular to
the A1203/ Zr02/ 3A1203. 2Si02 interface showed that interdiffusion had occurred at
the interface zone. Some zirconia was dissolved in the alumina matrix, while some Si
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and small amount of Mg were dissolved within the interface of the grain boundary to
form Si and Mg oxide solid solution. This implies Si02 was also assisting in the
sintering of the final composite. The SEM observation of the composite also showed
that the distribution of Zr02 particles in the A1203 is uniform except for the small











Figure 4.19: SEM + EDS images of the sintered Al2O3-10SiO2-10ZrO2 composite
It was also found from Figure 4.19 that mullite and zirconia particles were mainly
located at grain boundaries of the matrix grains, inferring that mullite and zirconia
particles suppress grain boundary movement of alumina matrix. This led to a good
densification in the composites and a high level of bonding between grains and the
matrix. This was achieved due to the combination of solid state reaction bonding and
liquid phase sintering mechamsms as has been analyzed in the dilatometry study.
Summary
In this section, the chemical reactions and phase evolution during pressureless
sintering followed by characterization of these phases using SEM, EDS, XRD and
dilatometric analysis were done. Results showed that the first liquid forms as low as
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1100°C, sharing in a significant reduction of sintering temperature. The final phase
composition of the system obtained at 1450°C consists of crystalline alumina, mullite
and zirconia phases. The results show that the Si02 is a very effective sintering
additive for ASZ composites.
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4.4 Mechanical Properties Comparison of monolithic Alumina, AZ and ASZ
Composites
4.4.1 Overview
In this section, the microstructure and mechanical properties of the three
components ASZ composite was analysed. The room temperature mechanical
properties of AZ and monolithic A1203 were compared with ASZ composites. The
hardness, flexural strength and toughness were determined and compared of both
ceramics. The flexural strength and fracture toughness of the Si02 and Zr02
reinforced alumina matrix were developed and measured.
4.4.2 Hardness, Fracture Toughness and Flexural Strength of the Sintered ASZ
Composites
The hardness was studied by the Vickers micro hardness tester.The indentations were
carried out at a load 1 Kgf with 15 sec dwell time. The hardness was determined from
the diagonal length using the formula given Equation 3.4. The indent diagonals and
the d value were taken from Figure 4.20 as the input for the equation.
Five sintered sample was taken from each type of ceramic composite and average
of the result was recorded. The Vickers hardness of the as sintered samples were
determined to be 7.91 GPa, 12.86 GPa and 14.35 GPa for Al2O3-10SiO2- 20ZrO2,
Al2O3-20ZrO2 and alumina monolithic respectively, as shown in Table 4.1.
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Figure 4.20: Indent to determine thevicker's hardness of the samples
As can be depicted from Table 4.1, the micro hardness value was decreasing as
the no of component is increasing. This was evident that as the toughness of material
was improved, lower hardness is expected. The second reason may be due to the
inclusion of the reinforcement, it becomes less hard as the expense of the other
mechanical properties.
The result also showed that the tri-component composite posses the least hardness
value attributed to the formation of liquid phase non crystalline Si02 along the
boundaries. Xu et al. [61] recognized sintering additives such as Y02, MgO in the
formation of liquid phase during sintering, which on solidification produces more
intergranular refractory phase.
Figures 4.21 and 4.26 show that there were micro cracks, deflection, and crack
impedances produced in the ASZ composite. The increase in micro cracks easily led
to excessive connection of micro cracks, which reduces hardness and strength of the
material [62, 117, 118].
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Figure 4.21: Micrograph showing the indentation cracks of the ASZ samples
(a), the indent (b). high magnification at point a.
Fracture toughness for these ceramics was determined through IF method. It was
obtained by measuring crack length at the edges. There are different methods
currently used to measure the fracture toughness of ceramic materials. Methods based
on the crack-length measurements of cracks introduced into the sample surface by a
Vicker's indentation have the advantage of easier to perform. But this method
requires careful study of subcritical crack growth and exact length measurement of the
cracks. The fracture of brittle ceramics is usually controlled by the fracture toughness
of mode I. A simple dimensional analysis of a body containing a crack of length 2Co
(see Figure 4.21 zoom) subjected to an applied stress a showed that the stress
intensification at the crack tip Kic is calculated by Equation 3.5 and the Young's
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modulus E value calculated for each sample was shown in Table 4.1.For example the
calculation used to determine the fracture toughness for one ASZ samples is (refer









Given that P= 450 MPa, E= Young's modulus- 342 GPa (from table 4.1)
C0= crack extension length^ Figure 421 (b) = 60.6 (J.m
H= Calculated using the equation Hv = 1.85—
Based on the results, the tri-component composite possessed the highest fracture
toughness value as compared to the other alumina monolithic and A-20Z composites.




Elastic Modulus (E), GPa 380 323.0 342







Vickers' hardness (GPa) 14.35 12.86 7.91
*v= 0.21 is used for the calculation of GiC (Equation 1)
In order to measure the indentation fracture toughness of the composites, five
I/O I/O
samples have been taken and an average value of 0.8 MPa.m , 1.75 MPa.m , and
2.39 MPa.m for the A102, AZ and ASZ composites respectively. A significant
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increase in the toughness has been identified by the inclusion of the Zr02 and Si02
oxides. The judicious inclusion of the reinforcement undergoes phase transformation
under stress as well as by making and interlocking tri-component system. It is
proposed that the difference in coefficient of thermal expansion may create
compressive residual stresses which provide the fracture strength of the composite. It
was also observed that the fracture mode was mainly intercrystalline for the sintered
AIO2 and A102-Zr02 composite but for the ASZ mainly transcrystalline. It is well
discussed in section 4.4.2.3 regarding the toughening mechanisms and fracture
behavior of the composite.
Flexural testing was performed to determine the bending strength of the selected
composites. An average flexural strength of five samples was determined by using
three-point bending testing as per ASTM CI 161-90 [121]. Resistance to bending
obtained for each monolithic alumina, AZ and ASZ was 200 MPa, 264.71 MPa,
230.40 MPa respectively, as shown in Table. 4.1. This values are comparable to
reports in various experimental works for similar refractory obtained by using zircon
as raw material [18, 19]. In the latter case, the homogeneous distribution of Zr02
throughout the matrix might be responsible for the observed increased in the
mechanical properties. It is well known that ceramic materials can show experimental
values for their mechamcal properties which are lower than the theoretical ones due to
the presence of defects caused by porosity, impurities, agglomerates, etc.; which have
different sizes, shapes and orientation; and which can act as stress concentration
centers [25, 85, 87]. Therefore, two specimens of the same material, identical in
principle, may not have an equal distribution of defects, so that their tensile strength
and toughness will be different. This could explain the difference observed between
the values of the flexural strength determined in this work and that are reported in the
literature for similar refractory materials, which could be related to the use of two
different raw materials (zirconia vs. zircon) for their synthesis.
It was noted that the fracture toughness of the A-10S-20Z composite was as high
as 2.39 MPa.m1/2 almost 180 and 36.57 percent higher than that of the monolithic
AI2O3 and AZ respectively, which means that the toughening effect of Zr02 and the
Si02 particles is significant. The critical strain energy rate, Gic, of the A-10S-20Z
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composite was 20.91 J/m which is more than six times compared to the monolithic
A1203 , implying that more energy is needed for the crack propagation in the A-10S-
20Z composite. The flexural strength of the A-10S-20Z composite was also 230.40
GPa, higher than the flexural strength of the monolithic A1203. Meanwhile the elastic
modulus of the A-10S-20Z composite is slightly lower than that of monolithic A1203,
which was attributed to the higher elastic modulus of the matrix AI2O3 (380 GPa).
It may be considered that the combination of Zr02 with mullite has a better effect
for improving the mechanical properties of the material. Effect of combined
toughening mechamsm is an interesting possibility where investigation of possible
synergetic effects may exist. Different toughening mechanisms (transformation
toughening, microcrack and crack bridging) combined and the result was very
attractive. ASZ composite was very promising, with an improved in fracture
toughness as explained above. Each of the second phases contributed, the Zr02
reinforcement was paramount. It has been already shown [98, 117] in other tri-phase
systems that the combination of ductile phase toughening and transformation
toughening to be synergetic in theoretical analysis of microcrystalline system. It was
also experimentally shown that the synergetic effect for the combination of fibres
toughening and transformation toughening in zirconia composites was significant.
Based on the FESEM observations in the previous sections, it was confirmed that
there is no apparent grain growth in the tri-component composite compared to the
monolithic and binary. The limited grain growth was due to the tri-component
microstructure. Ideally, when three components composite were well mixed, each
phase formed was separated by nearby grain from its same phase. Therefore, the
diffusion path was increased, thus effectively limiting the grain growth.
FESEM observation in Figure 4.22(a) and (b) showed equaaxed grains in A-20Z
and A-10S-20Z materials due to the alumina rich enviriomnrnt. It was interesting to
observe that the grain shape of mullite in A-10S-20Z developed an elongated and
short fiber like morphology as shown by the arrows in Figure 4.22 (b). The interlock
of elongated grains can hinder the grain boundry sliding and so decreasethe strian
rate. Secondly, tri-component structure limited the grain growth and created new
interfaces which did not exist in the binary alumina-zirconia composites.The new
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interface may have different grain boundary mobility. Lastly, smaller amount of
unreacted silica could remain at the multiple junctions and minimize the stress
concentaration, thus promoting grain boundary sliding, which increased the fracture
tougheness of the tri-component composite. These findings were found consistent
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Figure 4.22: FESEM micrographs and EDS spot scan of (a) A-20Z and (b) A-10S-
20Z composites
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4.4.2.1 Fracture Behavior and TougheningMechanisms ofthe ASZ Composite
FESEM micrographs of the surfaces showed distinctive differences in fractured
morphology with changes in the material composition. To study the fracture
behaviour of the samples, fractographic examination of the fractured surface was
preformed for possible phase composition. Additional FESEM examination was done
by looking at the fractured surface to understand the mode of failure for each
composition. The third attempt called Vickers's indentation induced cracks was
conducted to determine the crack propagation mechanism in each of the composite. In
addition to the microstructural analysis, elemental analysis was carried out by energy
dispersive spectrometry (EDS). A detailed FESEM microstructural study on the effect
of tri-component for the improved mechanical properties was discussed.
The FESEM micrograph in Figure 4,23 represents the microstructure of sintered
ceramic surface for A-10S-20Z. As it has been highlighted in section 4.2, the bright
spots on the ceramic surface indicated the area with heavier element like Zr02 spectra
obtained from Energy Dispersive X-ray Spectroscopy. The line scan across the three
component neighboring grains shown in Figure 4.23 indicated that the concentration
of Zr02 and mullite was increasing towards the grain boundary. This observation
proposed that preferential distribution of the phases at grain boundaries was achieved
and such microstructures are intended as bases for the formation of toughened
boundary that is responsible for the high toughness value.
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Figure 4.23: FESEM micrograph of the polished surface for the sintered ceramic
corresponding EDX line scan across the adjacent grains.
The microstructural observation on cracked and fractured samples showed that
three toughening mechanisms, crack deflection, crack bridging and microcracks were
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the factors contributing for the high toughness of the matrix and the composite as it
would be explained in section 4.4.2.3. Besides, phase transformation toughening and
residual stress due to coefficient of thermal expansion difference played a key role for
the improved toughness.
4.4.2.2 Cracking behavior ofthe Monolithic andASZcomposites
The cracking behavior of the three types of composites has been examined by
applying a flexural bending load. The surface crack profile and the stress-deflection
behavior were studied. Three distinct fracture modes were identified accordingly. A
brittle-like structure mode, mixed brittle and ductile modes and mostly ductile failures
modes were observed.
Figures 4.24 (a) and (b) showed the load-extension (deflection) curve recorded on
a standard sample of the pure A1203 and A-10S-20Zr composite respectively during
three point bending test. The load deflection curve for A-20Z was similar to the A-
10S-20Z curve. Figure 4.24(a) showed a sharp decline of the load within the linear
elastic behavior showing no residual strength beyond the maximum load,
demonstrated by normal brittle materials, and Figure 4.24(b) curve showed an
extended feature after the maximum load, differs significantly from the brittle
materials property, which gave us a clear indication that plastic deformation has been
taken place for the newly developed composite material. The curve is saw- toothed in
shape and it was very similar to the AZ obtained by the similar experimental set up. It
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Figure 4.24: Load-displacement curve for (a), monolithic AI2O3 and
(b). Al203-Si02-Zr02 and composites.
The examination of fractured surfaces also revealed information about whether
fracture was accompanied by considerable plastic deformation (ductile fracture) or
there was almost no plastic deformation (brittle fracture).Figures 4.25 (a)-(c) showed
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Figure 4.25: FESEM micrographs of the fractured surfaces of (a) monolithic alumina
(b) A1203- Zr02 and (c) Al203-Si02-Zr02
From Figure 4.25(a), the grain shapes of pure alumina are irregular and there
appeared abnormal growth, and the fracture mode was mainly intergranular failure.
Meanwhile, from Figures 4.25(b) and 4.24(c) composites with the addition of silica
and zirconia, showed a homogeneous distribution of alumina grains but there also
appeared abnormal growth. Compared to pure alumina, AZ has uniform size and
regular shape of grains, and the fracture mode remained intergranular failure. While in
Figure 4.25(c), the addition of zirconia made the microstructures of the composites
finer and homogeneous and there was very small trace of grains abnormal growth.
Moreover, Figure 4.25(c) showed that there were several "dimples" in fracture
surface, which showed tenacious fracture mode and the fracture mode is mainly
transgranular failure along with little intergranular failure. A conclusion may be
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drawn that the interface between the particle and the matrix was strong. Such an
interface ensures the stress to be effectively transferred from the A1203 matrix to the
harder Zr02 particles.
4.4.2.3 Toughening Mechanism in the ASZ Composite
In particle reinforced ceramics, residual stress, crack deflection, transformation
toughening, microcrack and crack bridging are seen as the main toughening
mechanisms. The FESEM micrograph observation and analysis of phases present in
A-10S-20Zr composite, the toughening mechanism was likely to be crack bridging,
microcracks and these mechanisms were imposed by the lamellar 3A1203. 2S102
(mullite) and zirconia grains. Transformation toughening was also expected to be the
main toughening mechamsm because high amount of tetragonal and few amount of
monoclinic Zr02 particles were identified using the EDS in the vicinity of the alumina
matrix and along the grain boundaries. The remarkable high toughness than the matrix
implies other toughening mechamsms operate in the composite beside the crack
bridging toughening mechanisms as indicated above. In this section, the other
possible mechanisms were discussed as well.
4.4.2.3.1 Microcracks
Microcrack is one of the toughening mechanisms which are expected to occur in
the binary and ternary composites. To investigate this, a fractured surface was
analysed using FESEM. Figure 4.26 illustrates the finding of ASZ surface that the
zirconia tetragonal-monoclinic transformation occurred during the sintering cooling,
producing a concentrated micro cracks in the matrix that may be also responsible for
the crack branching as shown by the arrows in Figure 4.26(a) and (b). Such
microcrack development was not found during the evaluation of the monolithic
alumina sintered samples. The microcracks that surround the grains indicated the
branching of the crack actually occurred, which was the source of grain bridging
interaction, also enhanced the resistance to fracture.
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Figure 4.26: FESEM micrograph of the fractured surfaces of ASZ composite
(a) microcrack produced by the tetragonal to monoclinic transformation during
cooling (b) Note the arrow pointing the microcrack direction and crack bridging
4.4.2.3.2 CrackDeflection and Crackbridging ofFractured surfaces
Crack deflection can take place when there are local areas in ceramics that have lower
resistance to crack propagation than the average plane cutting along the tensile stress.
Crack deflection can cause partial bridging by grains or second phase particles since
the crack may deflect around a grain in its path, leaving the grain bridging the crack.
This important toughening mechanism was observed during the fracture surface study









Line scan at point A
Figure 4.27: FESEM micrographs showing crack deflection and bridging by Zr02 and
mullite particles in ASZ composite: (a) deflection and bridging by Zr02 along basal
plan shown by the arrow (b) deflection and bridging by mullite indicated by the arrow
(c) EDS line scan at point along A
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Figure 4.27 (a) of the ASZ composite surface showed a Zr02 phases deflecting the
crack propagation as well as bridging at some end. The same was observed in Figure
4.27 (b) that mullet phase was deflecting the crack. Figure 4.27 (c) shows the line
scan along the point A on Figure 4.27 (b) which shows the phases available in the
cracked surface. The observations of these two phenomenon showed that the
interaction between crack deflection and birding played an important role for the
increase in fracture toughness improvement.
4.4.2.3.3 Vickers Indentation studies
Cracks were initiated into mirror polished sections of each composite by using a
vicker indenter using a load of 1 kg .This load was significant enough to cause crack
-from-the-dmgonal-of^pointed-edge of^the vicker's"indenter: The"study was""performed
to gather evidence of energy absorption mechanisms such as crack deflection, crack
branching, and microcraking in the ASZ material system. Once indented, specimens
were sputter coated using carbon targeted to make them electrically conductive in
preparation for the FESEM examination. However, the cracking was not through the
thickness, thus, this test was not truly representative of crack propagation through the
bulk where material constraint adds another dimension to the propagation modes. It
does, however, illustrate the presence of energy absorption mechanisms such as crack
deflection, and crack bridging [112, 114].
In the ASZ composite studied, crack propagation occured via different mechanism
depending upon how close was viewed with respect the initial indentation. Near the
indentation, crack propagation was marked by significant regions of transgranular
fracture and intergranular fracture. This was due to the high driving force in the
intermediate vicinity of the vicker's indent. However, at a distance away from the
indent it was seen that mostly a form transgranular cracking. Apparently, in all types
of cracking a significant amount of crack deflection and grain bridging due to the
presence of large grains of zirconia and mullite was observed as shown in Figure 4.21.
The crack propagation behavior of the Vickers's indent preferentially along the
interface suggested the main toughening mechamsm was the crack deflection.
114
4.4.2.3.4 Transformation Toughening
As discussed in section 4.4.2, where fracture toughness data of the ASZ composite
specimens were presented as a function of the total zirconia content, it was clearly
observed that the fracture toughness was increasing. Besides that, it was observed in
Figure 4.25 that there was micro crack around the grains of zirconia phases. This
result suggested that the tetragonal-monoclinic (t-m) transformation potentially
contributed to the toughening of ASZ composites. However, increasing the content of
zircoma expedites the particle coalescence and coarsening, thereby decreasing the
stability of tetragonal phase near room temperature. Therefore, the relative
contribution of the t-m transformation toughening is expected to be decreased rapidly
with increasing zirconia content. This was observed when the fracture toughness of
the composite decreases at 20% by weight along the zirconia axis of the graph of
Figure 4.13 in sub section 4.2.2.4.
Because the most important toughening mechanism caused by the monoclinic
phase was the microcrack nucleation [62, 89, 92, 103], these results indicated that the
toughening by the microcrack nucleation became increasingly important as the total
content of zirconia increased. According to the model of transformation toughening
proposed by McMeeking and Evans [95], the increment of fracture toughness caused
by the transformation toughening was proportional to the volume fraction of
tetragonal zirconia particles. Their analysis was based on the reduction in crack-tip
stress intensity provided by the transformation-induced stresses. Considering the
energy dissipation associated with the transformation toughening, Chen [96] also
obtained essentially the same result.
Apart to the transformation toughening, in this research, it was understood that
there are other toughening effects which were responsible for the higher toughness of
the tri-component than the binary component composite. Because the thermal
expansion coefficient of zirconia is significantly larger than that of the alumina matrix
and mullite, cooling from processing puts the zircoma particles in tension and the
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matrix in hoop compression. Therefore, the crack was not attracted to the dispersed
zirconia particles but should deflect around them. Figures 4.26 and 4.27 show typical
features of crack propagation in the A-10S-20Z composites containing 10wt% silica
and 20 wt% zirconia. A crack propagated straight into the matrix region but deflected
around the dispersed zirconia particles.
The difference in thermal and stiffness of the composite components induce
residual stress. It was expected that the residual stresses may have been induced due
to the thermal expansion misfit between the Zr02, mullite and A1203 matrix when the
composite was cooled down from its sintering temperature. Table 2.1 shows the
expansion coefficient of each component used in this research. The interface bonding
along the Al203/Zr02/3Al203.2Si02 boundaries was improved due to the compressive
stress developed, which insured the tough Zr02 particles to withstand higher stress
loading by effectively transferring load from the matrix to the particles at the
interface, and consequently, an effective toughening effect of Zr02 on the A1203
matrix was achieved. A residual tensile stress in the matrix and deflection effect at the
phase boundaries might favour the toughening effect of 3Al203.2Si02 particles.
Summary
This section demonstrates that a strong Al2O3-10SiO2-20ZrO2 (A-10S-20Zr)
composite was developed using pressureless sintering route with improved
mechanical properties were improved evidently. The flexural strength and fracture
toughness of the Si02 - Zr02 reinforced alumina matrix was measured and the value
were 230.40 MPa and 2.39 MPa.m , respectively. This demonstrated a significant
toughening effect due to the presence of both Si02 and Zr02 particles. The
microstructural observation on cracked and fractured samples showed that three
toughening mechanisms, crack deflection, crack bridging and micro cracks were main
factors contributing for the high toughness of the matrix and the composite. Besides,
phase transformation toughening and residual stress due to coefficient of thermal
expansion difference were another contributing factors for the improved toughness of
the composite developed.
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4.5 The Thermal Shock Resistance of the Al203-Si02-Zr02 (ASZ) Composite
4.5.1 Overview
The high temperature properties of the reinforcement are important during
service. It was discussed in chapter one that the major attribute of monolithic ceramics
was they maintain their properties to high temperatures and this characteristic was
only retained in CMCs if the reinforcements also have good high temperature
properties. Hence, there is only limited interest in toughening ceramics (mechanical
properties) by incorporation of reinforcements of materials, such as ductile metals
[25, 106], that lose their strength and stiffness at intermediate temperatures. In this
section, the mechanical property and thermal shock behavior of the ASZ composites
were investigated. The flexural strength and fracture toughness of ASZ composites
were significantly improved when compared with monolithic AI2O3 and Al203-Zr02
composites.
4.5.2 Effect of thermal Shock on the Mechanical properties of Al203-Si02-Zr02
Composite
Thermal shock happens from two phenomena [105, 106, 123]. Firstly, when the
material's uniform thermal expansion is constrained; failure stresses are induced in
them. Secondly, internal residual stresses are created when the material is subjected to
rapid temperature changes and induce temporary temperature gradients. Because
materials do have limited thermal conductivity, thermal shock can be created without
external constraints due to temperature gradients. Upon rapid cooling the surface of a
high-temperature specimen is accompanied by surface tensile stresses due to the fact
that the surface contracts more than the interior where it is still relatively hot. As a
consequence, the surface 'pulls' the interior into compression and is itself 'pulled'
into tension.
117
The resistance of ceramics to thermal shock can be characterized using the critical
temperature difference (A7rc) It is the level of thermal shock resistance characterized
the critical temperature required to produce a significant reduction in strength upon
cooling or heating.
Figure 4.28 showed the graphs of flexural strength of A1203 monolith, A1203-
Zr02, and Al203-Si02-Zr02 composites as a function of thermal shock temperature
measured after being thermal shocked. The value measured at each of quenching
temperature was repeated for 3 times. It can be seen that the flexural (residual)
strength of the composites decreased with increasing thermal shock temperature.
Similar results have been reported for mullite ceramic [10, 124, 125], ZrC matrix
ceramics [126] and nextel or nicalon fiber-reinforced SiC matrix composites [127].
The observation from the curve showed that AZ and ASZ composites increased the
thermal shock resistance than monolithic A1203 as the quenching temperature
increased. In the ranges of 0-430 °C, the residual stress was very comparable between
the binary (Al203-Zr02) and tri component (Al203-Si02-Zr02) composites. When the
quenching temperature was increased, the residual stress of binary showed a drastic
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Figure 4.28: Flexural strength versus temperature difference (AT) for
A1203 - Si02- Zr02, A1203 - Zr02 and A1203 ceramics;
According to ASTM standard, the critical value of the temperature difference
(exposure temperature minus the water quench temperature) was determined by a
30% reduction in flexural strength compared to the average flexural strength ofthe as-
received test specimens. And hence, from the experiment, the curve for A10S20Z
showed a critical temperature difference of around 430°C and a characteristic drop of
flexural strength at that point. This drop was followed by a modest decrease as
AT1 increased to 550°C. Further to this temperature, it showed a sharp decline of the
flexural strength. The Al203-Zr02 ceramics produced a 30% reduction in strength for
a AT of 395°C and monolithic A102 around 200°C. These results apparently showed
that Al203-Si02-Zr02 composites had greater resistance to thermal shock. This was
attributed to the pinning effect (Zener pinning pressure) of the zirconia oxide and
mullite particles positioned at grain boundaries or triple junctions of alumina matrix,
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which was one of the well-recognized processes that reduced the driving force for
grain growth. The refined grain would play an important role in the improvement of
mechanical properties and thermal shock resistance of ASZ composites. Furthermore,
the grain size and bulk density would also have an influence on the thermal shock
resistance of alumina ceramic. Zhang et al.[128] reported that the thermal shock
resistance could be improved by decreasing grain size or increasing the bulk density.
It was reported that the thermal shock behavior of pure alumina ceramic with a
relative density of 97% has been investigated and reported the improved results. As
mentioned before, the presence of Zr02 and mullite particles led to a refined alumina
matrix grain size and a reduction of porosity. Thus, the combination of them made
contribution for improvement of the thermal shock resistance of AI203 ceramic.
Apparently, this composite system was improved in the resistance of thermal shock
resistance than the alumina-metallic composites such as alumina-Iron [124], and
alumina-copper [129] composite in which the critical temperature difference was
reported as 200, and 300°C respectively.
Similarly, as-received and thermally loaded samples after 7 thermal shocks were
compared. The fracture toughness as a possible criterion for quantifying
microstructural damage caused by the cyclic thermal shock loading was investigated.
Indentation method was used to determine the fracture toughness ofthe composites as
shown in Figure 4.29. In order to use the indentation method, the microstructural
features of the ceramic materials after thermal shock tests were observed under
FESEM. The images obtained at low magnification and high magnification and the
resulting shape characteristics (especially the measured indent geometry) were used as
input data for fracture toughness calculation.
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Figure 4.29: Micro indentation of the Al2O3-10SiO2- 20ZrO2 after series of thermal
shock cycles (a) 4th cycle (b) 5th cycle (c) 6th cycle (d). 7th cycle
From the previous results in this research, the average fracture toughness value for
A-10S-20Z composite in as-received state was 2.39 MPami/2, for A-20ZrO2
composite, 1.75 MPam and for monolithic alumina was 0.8 MPam172. After 6
thermal cycles, the A1203, AZ and ASZ were tested for fracture toughness. A decrease
in fracture toughness by 10.81 % was observed for A-10S-20Z whereas; A-20Z
sample exhibits a sharp decline by about 24.65%. This difference in fracture
behaviour can be explained by the positive role of the optimum amount of mullites
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and silica content in the Al203-Si02-Zr02 composite. This was mainly attributed to
the improvement of fracture toughness in ASZ composite. It was believed that the
grain boundaries were critical to the resistance of crack propagation as much mullite
and few amorphous Si02 were available. For Ai203-Si02-Zr02, as mentioned above,
the finer grain size due to the tri-component microstructure enhanced fracture
toughness by promoting crack bridging and lengthening crack propagation path,
which inhibited the propagation ofcracks.
4.5.3 Microstructure change during the Thermal shock Test
In the previous sections, the FESEM micrographs of fracture surfaces of sintered
monolithic alumina, A-20Z and A-10S-20Z composites before thermal shock
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particles were homogeneously distributed in the alumina matrix and mostly located at
grain boundaries. Due to the pinning role of the zirconia and mullite particles, it was
also seen that they impeded the growth of grains and led to a refined alumina matrix
grain size.
Figures 4.30 (ai), (a2>, (b) and (c) showed typical FESEM fracture micrographs of
a pure Ai203, AZ and ASZ samples after 6 times of thermal shock tests at 950 °C
respectively. It is seen that the fracture surface of pure alumina after thermal shock
tests basically exhibited cleavage fracture features (Figure 4.30 (ai)) and the crack
propagation looks straight as the thermal stress too high to resist (Figure 4.30 (b)).
With an addition of micro-sized zirconia particles which led to a tougher composite b
the crack deflection and branching tended to occur frequently, as indicated by arrows
in Figure 4.30(b). Most importantly, the ASZ composite was more resistant for
thermal shock due to the toughening effect of the zirconia and the shorter length
needle-like mullite particles led to some pull-out and crack deflection. It may be also
due to the pinning role of the added zirconia and mullite particles that located at grain
boundaries or triple junctions of alumina grains as shown in Figure 4.30 c. It indicated
that the added micro sized silica and zirconia particles played an important role to
improve the thermal shock resistance of alumina ceramic.
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Figure 4.30: FESEM micrographs of thermal shock-induced crack propagation on
fractured surfaces at the 6th cycle: (ai) A1203 (a2) A1203 (b) A-20Z (c). A-10S-20Z
The observation from the FESEM cross sections examination of the AZ and ASZ
composites after 6 cycles also showed that more degradation happened in the AZ
samples. This degradation can be seen from the zirconia phase scattered and pulled
due to the thermal stress. In the ASZ composite, there is still better microstructural
integrity where the zirconia can be seen in well stabilized and structured and the
cracks were deflected in different direction. This implied shown that the ASZ
composite had better fracture toughness than the AZ. The availability of Si02 and
mullite phases around the grain boundaries could be the main reason for better
thermal shock properties [125].
In addition to the above, the improved fracture toughness by tri-component
system of the ASZ composite would play an important role in the improvement of
thermal shock resistance of alumina ceramic. As Tancret et al. [123] reported, the
improvement in the fracture toughness and thermal shock resistance could be
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achieved by making composites in which the interfaces between the matrix and
particles acted to deflect propagating cracks. Zhao et al. [130] also reported the
mechanisms like crack branching and deflection that occurred at the interfaces
between the two phases, impeding the crack growth.
The difference in the thermal properties of the Si02, Zr02 and alumina could also
have an effect on the thermal shock behavior of ASZ composite, as indicated in
Equation 2.11. The coefficient of thermal expansion of mullite [5] is 5.4 x 10"6/°C
which is lower than that of Zr02 (10.3xl0"6/°C). Furthermore, the thermal
conductivity of mullite and alumina [5] are 6 W m_1 K_1 and 18 W m_1 Ir
respectively. The thermal shock resistance of pure mullite ceramic would thus be
better than that of pure alumina ceramic. Many researchers [58, 107, 123, 130] also
reported that the thermal properties (i.e., thermal expansively, thermal conductivity,
and other properties associated with the use at high temperatures) were important in
determining the thermal shock resistance of ceramic composites. Therefore, the
improved thermal shock resistance of ASZ composites could also be partly attributed
to the superior thermal properties of the added particles.
Summary
The critical temperature difference of thermal shock resistance for A1203- Si02-
Zr02 was found to be higher than than the monolithic A1203 and AZ composites. The
thermal shock temperature difference (ATc) of the A1203 monolith was about 200°C,
while the ATc of AZ composites was about 395°C and the ATc of ASZ composites
was about 430°C. Such superior thermal shock resistance was attributed to the
remarkable improvement of the fracture toughness by tri-component composite. The
results in this work also indicated that the Si02 addition resulted in mullite,





The main objective of this experimental research was to develop alumina
matrix based ceramic composites, which have improved fracture toughness and
resistance to thermal shock. This objectivewas achieved by a three component A1203-
Si02-Zr02 composite using a pressureless sintering route. The effects of each separate
component on the mechamcal and thermal properties of ASZ composites were
systematically studied. An optimum percentage of Si02 and Zr02 were added to
alumina to determine the right quantity for the improved mechanical properties.
Mechanical tests were conducted to determine the flexural and fracture toughness for
the monolithic alumina, AZ and ASZ composites. The microstructure of sintered
composites, thermal shock and fracture surface states were also investigated using
FESEM and AFM. The following conclusions were derived based on the objectives
set for this research:
• An appropriate and optimized compositional mix and hence microstructural
tailoring, improved mechanical properties in alumina-silica-zirconia
composites were achieved. Systematically, the result showed a composition of
tri-component composite A-10S-20Z (70% by weight of alumina, 10 % by
weight of silica and 20 % by weight of zirconia) was achieved.
• The effect of Si02 (Silica sand) addition for the densification of the ASZ
composite was studied .Dilatometric study revealed that that the first liquid
formed as low as 1100°C, showed a significant reduction of the sintering
temperature. The final phase composition of the system was obtained at
1450°C consisted of crystalline alumina, mullite and zirconia phases. The
results showed that the Si02 is a very effective low-temperature sintering
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additive for ASZ composites. This was due to the low viscosities of the silica
rich residual phases.
The Al203-Si02-Zr02 composite demonstrated a higher value for fractural
toughness. The flexural strength and fracture toughness of the Si02-Zr02
reinforced alumina matrix was developed and measured as high as 230.40
•I try
MPa and 2.39 MPa.m , respectively, demonstrating a significant toughening
effect due to the presence of both mullite and Zr02 phases. The
microstructural observation on cracked and fractured samples showed that
three toughening mechanisms, crack deflection, crack bridging and micro
cracks were the factors accounting for the high toughness of the matrix and the
composite. Besides, phase transformation toughening and residual stress due
to coefficient of thermal expansion difference were the contributing factors for
"the improved'toughness.
A standard thermal shock test was done and the critical temperature difference
of thermal shock resistance for A1203- Si02- Zr02 was found to be higher than
the monolithic A1203 and AZ composites. The thermal shock temperature
difference (ATc) of the A1203 monolith was about 200°C, while the ATc of AZ
composites was about 395°C and the ATc of ASZ composites was about
430°C. Such superior thermal shock resistance was attributed to the
remarkable improvement of the fracture toughness by three component
composite. The results in this work also indicated that, the Si02 addition
resulted in mullite, contributed for the high resistance to thermal shock.
The fracture toughness of the thermal shocked composites after 6 thermal
cycles were compared and a decrease in fracture toughness by 10.81 % was
observed for A-10S-20Z whereas; A-20Z sample exhibited a sharp decline by
about 24.65 %. This difference in fracture behaviour can be explained by the
positive role of the optimum amount of mullites and silica content in the ASZ
composite. This was mainly attributed to the improvement of fracture
toughness in ASZ composite. It was believed that the grain boundaries were
critical to the resistance of crack propagation as much mullite and few
amorphous Si02 were available. For Al203-Si02-Zr02, due to the tri-
component microstructure, it enhanced fracture toughness by promoting crack
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bridging and lengthening crack propagation path, which inhibited the
propagation of cracks.
5.2 Recommendations
For future consideration and following up of this research, additional work should
be done to further investigate and improve the mechanical properties of the
composite.
• A separate work for the modelling or analysis or prediction of performance of
the composite produced in service may be proposed to compare the results
with the experimental work here in this research.
• Recently, the use of alumina based ceramic composites is getting in demand in
medical applications such as hip arthroplasty and Orthopedic implants. With
this regard, further study may be done in testing the ASZ composite for the
application in the medical field.
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